Pulse Width Modulation
l. Introduction to Pulse Width Modulation (PWM)

Pulse Width Modulation (PWM) stands as a cornerstone technique in modern
electronics, enabling precise control over analog circuits and the power delivered to
various loads through the use of digital signals. At its core, PWM involves the
systematic variation of the width of pulses within a periodic waveform, while
maintaining a constant frequency.® This method of modulation allows for the digital
encoding of analog signal levels, effectively bridging the gap between digital control
systems and analog operational requirements.*

A. Definition and Fundamental Principles

The fundamental principle of PWM lies in the rapid switching of a power supply to a
load, alternating between fully ON and fully OFF states.® The critical parameter in this
process is the duty cycle, which represents the proportion of time the signal is in the
ON state relative to the total period of the waveform. By adjusting this duty cycle, the
average power delivered to the load can be meticulously controlled.” Although the
signal itself is digital—characterized by discrete high (ON) and low (OFF) levels—the
effect on many types of loads is akin to that of a continuously variable analog signal.

A significant aspect of PWM is its inherent efficiency. Because the switching elements
(typically semiconductor devices like MOSFETs or IGBTs) operate predominantly in
either a fully ON state (where the voltage drop across them is minimal) or a fully OFF
state (where the current through them is negligible), the power dissipated within the
switch itself is minimized.? Most of the power loss occurs during the transitions
between states, and these transitions are engineered to be as rapid as possible to
further reduce losses.? This operational characteristic marks a fundamental departure
from traditional analog control methods, which often rely on resistive elements or the
linear operation of transistors, leading to substantial power dissipation in the form of
heat. PWM, therefore, embodies an efficient approach to power management,
leveraging the near-ideal switching capabilities of modern semiconductor technology.
The "digital encoding of analog levels" * is not merely a technical description but
represents a sophisticated strategy for interfacing the precise, programmable world
of digital electronics with the continuous-variable demands of analog systems and
power delivery.

B. The Concept of Averaging and Power Control

The efficacy of PWM in controlling analog loads stems from the principle of averaging.
Many loads, such as electric motors or LEDs, possess inherent inertia or operate at



frequencies such that they do not respond instantaneously to the rapid individual
pulses of the PWM signal. Instead, they react to the average value of the voltage or
current applied over time.® By modulating the pulse width, and consequently the duty
cycle, PWM effectively manipulates this average value.® For instance, if a PWM signal
has a 50% duty cycle, the average voltage delivered to the load will be approximately
half of the peak supply voltage.® This allows for a seemingly continuous and smooth
control over power delivery, despite the inherently discrete nature of the underlying
digital signal.’

However, the "averaging" effect is not a universal constant; it is critically dependent on
both the PWM frequency and the characteristics of the load. For the averaging to be
effective and for the output to appear smooth, the PWM switching frequency must be
significantly higher than the load's ability to respond to individual pulses.® For
example, the inductance in a motor naturally helps to smooth out the current pulses,
effectively performing a low-pass filtering function.? If the PWM frequency is too low,
the load may exhibit undesirable ripple in its output, such as torque pulsationsin a
motor or visible flicker in an LED.® Thus, the perceived average is, in reality, often the
result of a low-pass filtering process, whether intrinsic to the load or implemented
with explicit filter components. This implies that the selection of an appropriate PWM
frequency is paramount, not only to avoid such detrimental effects but also to ensure
that the system's dynamic response capabilities are met.

C. Advantages and Significance in Modern Electronics

The adoption of PWM is widespread across numerous electronic applications due to a
compelling set of advantages:

e Efficiency: As previously highlighted, PWM systems achieve high power
efficiency because the switching devices spend minimal time in dissipative states.
This is a primary driver for its use in power conversion and control.?

e Precision: PWM allows for fine and accurate control over the average power,
voltage, or current delivered to a load, enabling precise regulation of parameters
like motor speed or light intensity.”

o Digital Compatibility: Being a digital technique, PWM is inherently compatible
with microcontrollers, DSPs, and other digital logic. This allows for easy
implementation, programmability, and integration into complex control systems.®

e Versatility: The applications of PWM are extraordinarily diverse, ranging from
power supplies and motor drives to LED lighting, audio amplification, and even
telecommunications.’

e Noise Immunity: In certain contexts, particularly for signal transmission over
physical channels, PWM signals can offer enhanced noise immunity compared to



purely analog signals. Since the information is encoded in the timing (width) of
the pulses rather than their amplitude (which is typically fixed at logic levels), the
signal is less susceptible to amplitude-based noise, provided the noise is not
severe enough to alter the perceived logic state.’

These advantages collectively establish PWM as a foundational technology in modern
electronics, facilitating efficient and precise control in a vast array of devices and
systems.

ll. Core Characteristics of PWM Signals

The behavior and effectiveness of Pulse Width Modulation are defined by several key
characteristics of the PWM signal itself. Understanding these parameters—duty cycle,
frequency, period, and amplitude—is essential for designing and implementing
PWM-based systems.

A. Duty Cycle: Definition, Calculation, and Impact

The duty cycle is arguably the most critical parameter of a PWM signal. It is defined
as the ratio of the duration the pulse is in its ON state (active or high logic level) to the
total period of the signal. The period encompasses both the ON time and the OFF
time.® The duty cycle is typically expressed as a percentage.®

The calculation is straightforward:

D=(Ton/Tperiod)x100%

where D is the duty cycle, Ton is the time duration for which the signal is ON, and Tperiod is
the total time for one complete cycle of the PWM signal.9

The impact of the duty cycle is direct and profound: it determines the average power
or voltage delivered to the load.

e A 0% duty cycle signifies that the signal is always in the OFF state, resulting in
zero average power delivered to the load.?

e A 50% duty cycle means the signal is ON for exactly half of the period and OFF
for the other half. This typically results in an average voltage that is half of the
supply voltage and represents an ideal square wave in terms of symmetry.?

e A100% duty cycle indicates that the signal is continuously in the ON state,
delivering the full average power or voltage from the supply to the load.?

e Intermediate values, such as a 75% duty cycle, will result in an average voltage
that is 75% of the peak supply voltage.®

The duty cycle is, therefore, the primary means by which control is exerted in a PWM
system. Its linear relationship with the average power or voltage makes PWM an



intuitive and highly effective control method.

B. Frequency: Role, Selection Criteria, and Effects

The frequency of a PWM signal is the rate at which the signal repeats its complete
ON-OFF cycle, typically measured in Hertz (Hz).? It is the reciprocal of the signal's
period.’

The role of frequency in PWM systems is multifaceted:

It dictates how rapidly the signal transitions between its ON and OFF states.®

It significantly influences the smoothness of the output as perceived by the load.
Generally, higher frequencies lead to smoother operation and reduced ripple in
the output current or voltage.®

The PWM frequency determines the location of the fundamental switching
frequency and its associated harmonic components in the signal's frequency
spectrum. Higher frequencies push these harmonics further away from the
desired baseband signal, making them easier to filter."

The selection of an appropriate PWM frequency is highly dependent on the specific
application:

LED Dimming: Frequencies are typically in the kilohertz range, often above 1 kHz,
to prevent any perceptible flicker to the human eye.? For applications sensitive to
flicker, such as video recording, frequencies as high as 20 kHz to 40 kHz may be
necessary."’

Motor Control: For DC motors, frequencies can range from around 100 Hz to
several kilohertz. AC motor drives (VFDs) also operate in the kilohertz range.’
Power Supplies and Audio Amplifiers: Switched-Mode Power Supplies (SMPS)
and Class-D audio amplifiers often employ PWM frequencies in the tens or even
hundreds of kilohertz to allow for smaller filter components and to keep switching
noise out of the audible range.’

The effects of frequency selection can be significant:

Too low a frequency: Can result in noticeable ripple in the output, audible noise
in motors or transformers, and visible flicker in LEDs.®

Too high a frequency: While beneficial for reducing ripple and filter size,
excessively high frequencies can lead to increased switching losses in the
semiconductor devices (due to more frequent transitions) and can exacerbate
electromagnetic interference (EMI) issues.

It is important to note that the duty cycle percentage remains independent of the



PWM frequency. If the duty cycle is set to, say, 50%, it will remain 50% whether the
frequency is 1 kHz or 10 kHz. However, the absolute duration of the ON and OFF times
will be shorter at higher frequencies.’ Frequency selection is thus a critical design
trade-off, balancing desired performance characteristics like output smoothness and
dynamic response against practical limitations such as switching losses and EMI
generation.

C. Period: Relationship with Frequency

The period of a PWM signal is the total time duration it takes for the signal to
complete one full ON-OFF cycle.® This includes both the time the signal is high (Ton)
and the time it is low (Toff).

The relationship between period (T) and frequency (f) is fundamental and inverse:

T=1/f

9

A consistent and well-defined period is crucial for the predictable operation of any
PWM system, as it forms the time base against which the duty cycle is modulated.’

D. Amplitude and Average Voltage Calculation

The amplitude of a PWM signal, in its ideal digital form, corresponds to the voltage
levels of the digital system generating it. When the signal is in the ON state, its
amplitude is typically the supply voltage (e.g., Vsupply, VCC, or VDD), and when it is in
the OFF state, its amplitude is OV (or ground).

The average voltage (Vavg) delivered by a PWM signal to a load is directly proportional to its
duty cycle and the supply voltage. It can be calculated as:

Vavg=DfractionalxVsupply

where Dfractional is the duty cycle expressed as a fraction (e.g., 0.5 for 50%) and Vsupply is
the peak amplitude of the PWM pulse (the supply voltage).4 For example, if a PWM signal is
generated from a 10V supply and has a 50% duty cycle, the average voltage perceived by the
load will be 0.5x10V=5V.3 This simple calculation is fundamental to understanding how PWM
achieves analog-like control using a digital signal.

The interplay between duty cycle and frequency is essential for optimal system
performance. While the duty cycle sets the average power level, the frequency
dictates the quality and smoothness of this power delivery. A low PWM frequency,
even with a correctly set duty cycle, might lead to pulsations or slow response in the
load. Conversely, a sufficiently high frequency ensures that the load integrates the
pulses effectively, leading to a more continuous and responsive behavior.° This
highlights that frequency selection is not merely about avoiding undesirable artifacts
like flicker or noise but is also integral to achieving the desired dynamic performance



of the controlled system. For instance, in a control loop where the duty cycle needs to
change rapidly to respond to system dynamics, the PWM frequency must be high
enough to accurately translate these fast duty cycle changes into corresponding
changes in the average output.

Furthermore, while ideal calculations of average voltage assume perfect rectangular
pulses with instantaneous switching, real-world semiconductor switches have finite
rise and fall times. These transition times, although minimized, are non-zero. At very
high PWM frequencies, where the period becomes short, these transition times can
constitute a more significant portion of the pulse duration. This can lead to the actual
pulse shape being more trapezoidal than rectangular, causing a slight deviation in the
effective duty cycle and average voltage from the ideal calculated values. This effect
can introduce non-linearities or minor errors in control, especially for very narrow
pulses (i.e., very low or very high duty cycles).

Finally, the concept of "average voltage" is most directly applicable to resistive loads
or loads where the output state is directly proportional to the applied voltage. For
inductive loads, such as electric motors, the average current is often the more critical
parameter determining performance (e.g., torque). While the average voltage is
related, the motor's inductance (L) influences current according to V=L(di/dt), causing
the current to ramp up during the ON phase of the PWM pulse and ramp down during
the OFF phase. The motor's back-EMF, which depends on its speed, also significantly
affects current dynamics. Therefore, for inductive loads, a more detailed analysis
considering current ripple and the factors influencing average current is often
necessary, moving beyond the simple Vavg=DxVsupply approximation. This is why
current-mode control, another PWM-based technique, is also prevalent in
applications like power converters and motor drives.®

lll. Generation of PWM Signals

The generation of Pulse Width Modulation signals can be achieved through various
methods, broadly categorized into analog and digital techniques. The choice of
generation method depends on factors such as required precision, speed, complexity,
cost, and the availability of control resources like microcontrollers.

A. Analog PWM Generation (e.g., Comparators, Sawtooth/Triangle Waves)

The classical method for generating PWM signals is analog, typically employing a comparator
and a carrier waveform generator.2

The core principle involves comparing a reference analog signal, often called the modulating
signal, with a high-frequency carrier waveform. This carrier is usually a sawtooth wave or a



triangle wave.2

Operation: The modulating signal (whose amplitude represents the desired
output level) is fed into one input of an analog comparator, and the carrier wave is
fed into the other input.

Output: The output of the comparator switches state (high or low) whenever the
instantaneous voltage of the modulating signal crosses the instantaneous voltage
of the carrier wave. This results in a square wave whose pulse widths are
modulated by the amplitude of the reference signal.?

Frequency Determination: The frequency of the resulting PWM signal is
determined by the frequency of the carrier waveform.?

Duty Cycle Control: If the modulating signal's amplitude is higher, the pulses will
be wider (for one polarity of comparison) or narrower (for the other), thus
changing the duty cycle.

Analog PWM generation is often found in simpler circuits or in applications where very
high-speed analog feedback loops are involved, potentially offering faster response
times than some digital methods. The choice of carrier waveform (sawtooth or
triangle) influences the type of PWM generated (edge-aligned or center-aligned,
respectively), which has implications for the harmonic content of the output signal.

B. Digital PWM Generation

With the advent of microcontrollers and specialized digital ICs, digital PWM generation
has become the predominant method due to its precision, flexibility, and ease of
integration.

1. Microcontroller-Based PWM (Timers, Dedicated PWM Modules)

Modern microcontrollers (MCUs) — such as those from the Arduino platform (Atmel/Microchip
AVR-based), PIC families, and many ARM-core devices — almost universally include built-in
hardware peripherals for generating PWM signals.4 These peripherals typically consist of:

Timers/Counters: These are configured to count system clock pulses up to a
certain value (defining the period) and compare the count with a programmable
duty cycle register (compare register).

Dedicated PWM Output Pins: The hardware automatically toggles these pins
based on the timer/counter and compare register values.

Programmability: The PWM frequency (derived from the timer's period setting)
and the duty cycle are programmable via software. For example, the Arduino
analogWrite(pin, value) function abstracts this hardware control, where value
(e.g., 0-255 for an 8-bit PWM resolution) directly sets the duty cycle.’
Advanced Features: Many MCU PWM modules offer advanced features like
multiple independent PWM channels, selectable alignment (edge or center),



dead-time generation for bridge drivers, fault inputs for safe shutdown, and
double-buffering of period and duty cycle registers to allow glitch-free updates
while the PWM is running.'

The advantages of MCU-based PWM generation are numerous: high precision and
stability (often derived from a crystal oscillator), immense flexibility through software
control, immunity to analog component drift, and the ability to easily implement
complex control algorithms that dynamically adjust PWM parameters.

2. Dedicated PWM ICs and Timer ICs (e.g., 555 Timer)

Beyond general-purpose MCUs, specialized Integrated Circuits (ICs) are available for PWM
generation, often tailored for specific applications like switch-mode power supply control,
motor driving, or LED lighting. These ICs might integrate features like feedback sensing, error
amplifiers, and driver stages.

The ubiquitous 555 Timer IC can also be configured, typically in its astable
multivibrator mode with some additional components, to generate PWM signals.”
While functional for simpler tasks, the 555 timer generally offers less precision,
stability, and flexibility compared to MCU-based solutions or dedicated PWM
controller ICs.

C. Comparison: Analog vs. Digital PWM Generation Techniques

The choice between analog and digital PWM generation involves considering several
trade-offs:

e Analog PWM Generation:

o Pros: Can achieve very high switching speeds, limited primarily by the
bandwidth of the comparators and operational amplifiers used. Theoretically
offers continuous resolution of the duty cycle. Can be simpler for very basic,
fixed-function PWM needs.

o Cons: Susceptible to noise, temperature drift, and component tolerances,
which can affect accuracy and stability. Less flexible for implementing
complex modulation schemes or adaptive control. May require more discrete
components.

e Digital PWM Generation (especially MCU-based):

o Pros: Offers high precision and stability due to crystal-controlled timing.
Highly flexible, as PWM parameters and control logic are software-defined.
Immune to analog component drift. Allows for easy integration of
sophisticated control algorithms, communication interfaces, and diagnostic
features. Often more cost-effective for systems already requiring a
microcontroller for other tasks.



o Cons: Resolution is discrete (quantized), determined by the timer's bit-width
and the system clock frequency relative to the PWM frequency. There can be
processing overhead if PWM generation relies heavily on software interrupts
rather than dedicated hardware, or if complex real-time calculations are
needed to update PWM parameters.

The general trend in electronics has been a significant shift towards digital PWM
generation, particularly using MCUs. This reflects broader industry movements
towards higher integration, the increasing power and decreasing cost of digital
processing, and the immense benefits of software-defined functionality. For most
applications requiring more than rudimentary PWM, digital methods offer superior
adaptability, precision, and system-level integration capabilities.

A crucial aspect of digital PWM generation is the interplay between the desired PWM
frequency, the required resolution (number of distinct duty cycle steps), and the
microcontroller's system clock frequency. For a given system clock, there's an
inherent trade-off: increasing the PWM frequency (which might be desirable for
smoother output or smaller filter components) necessarily reduces the number of
clock cycles within one PWM period. This, in turn, reduces the maximum count value
of the PWM timer, thereby decreasing the number of available duty cycle steps
(resolution).?® Conversely, to achieve higher resolution at a fixed system clock, the
PWM period must be longer, resulting in a lower PWM frequency. System designers
must carefully balance these factors, often selecting MCUs with sufficiently high clock
speeds and high-resolution PWM peripherals to meet both frequency and resolution
demands. For example, a system with a 50 MHz clock generating a 1 kHz PWM signal
can achieve a granularity of 50,000 steps, offering very high resolution.?® However, if
the PWM frequency were increased to 100 kHz, the granularity would drop to 500
steps.

The choice of carrier waveform in analog generation (sawtooth or triangle) or the
counting mode in digital generation (e.g., simple up-counting for edge-aligned, or
up/down-counting for center-aligned) directly dictates the alignment characteristics
of the PWM pulse (edge-aligned versus center-aligned).”® This alignment, in turn,
influences the harmonic spectrum of the PWM signal and its suitability for specific
applications, such as the preference for center-aligned PWM in multi-phase motor
control to ensure balanced phase relationships and minimize certain harmonics.™ This
illustrates that even the fundamental generation mechanism has significant
implications for the signal's properties and its downstream effects.



IV. Types and Techniques of Pulse Width Modulation

Pulse Width Modulation encompasses a variety of techniques, each tailored with
specific characteristics to suit different applications. The primary distinctions often lie
in how the pulse edges are aligned within the PWM period and how the modulating
signal is processed to determine the pulse widths.

A. Edge-Aligned PWM (Left-Aligned, Right-Aligned)

Edge-aligned PWM is a common and straightforward form of PWM where one edge of
the pulse is fixed relative to the PWM period, while the other edge is modulated to
control the pulse width.

e Left-Aligned PWM: In this configuration, the leading edge of the pulse (the ON
transition) is synchronized with the start of the PWM period. The ON time
commences at the beginning of each period, and its duration is varied to achieve
the desired duty cycle. The OFF time then completes the remainder of the period.
In digital systems, left-aligned PWM is often generated using a timer that counts
down from a period value to zero, with the output transitioning at the start of the
count and again when a compare value (representing the duty cycle) is reached.™
Analogously, it can be produced by comparing a modulating signal with a
sawtooth carrier wave that ramps up and resets at the end of each period.

e Right-Aligned PWM: Conversely, in right-aligned PWM, the trailing edge of the
pulse (the OFF transition) is synchronized with the end of the PWM period. The
OFF time typically occupies the initial part of the period, followed by the ON time
whose duration is modulated, concluding precisely at the end of the period. This
type is less common than left-aligned PWM and is generally employed in specific
scenarios that necessitate an alignment opposite to the standard left-aligned
approach.”™

Edge-aligned PWM, particularly left-aligned, is widely used for general-purpose PWM
applications due to its simplicity in generation and control.”

B. Center-Aligned PWM: Principles and Applications

Center-aligned PWM, also known as symmetrical PWM, differs significantly in its pulse
timing.

e Principle: In center-aligned PWM, the pulse is positioned symmetrically within
the PWM period. Both the rising (leading) edge and the falling (trailing) edge of
the pulse are modulated with respect to the center of the period. This means that
as the duty cycle changes, both edges shift, maintaining the pulse's center point
fixed relative to the period's center. This type of PWM is typically generated by



comparing the modulating signal with a triangular carrier wave (which ramps up
and then down symmetrically) in analog systems.” In digital systems, it is often
implemented using a counter that counts up from zero to a peak value
(representing half the period) and then counts back down to zero.”

Period Doubling Effect (Digital Implementation): When implemented digitally
with an up-down counter, the "period value" programmed into the timer often
represents half of the actual PWM period. The counter increments to this value
and then decrements back to zero, meaning one full PWM cycle takes twice the
number of clock ticks compared to an edge-aligned PWM with the same
numerical "period value" setting.”

Applications: Center-aligned PWM is frequently preferred in applications
involving AC motor control, particularly for three-phase inverters. Its symmetrical
nature helps in maintaining phase alignment between multiple PWM channels and
can lead to a reduction in certain harmonic components in the output voltage
waveform, resulting in smoother motor operation and lower acoustic noise.” It is
also beneficial in some power converter topologies. Identifying whether a PWM
signal is edge-aligned or center-aligned from an oscilloscope trace of a single,
constant duty cycle signal can be challenging without a reference; however,
observing the behavior of pulse edges as the duty cycle changes can reveal the
alignment type.”'

C. Sinusoidal PWM (SPWM) for AC Waveform Synthesis

Sinusoidal Pulse Width Modulation (SPWM) is a specialized PWM technique designed
to generate an output voltage or current that, on average, approximates a sinusoidal
waveform. This is crucial for applications requiring AC power from a DC source.

Principle: SPWM is achieved by comparing a sinusoidal reference signal (the
modulating signal) with a high-frequency triangular (or sometimes sawtooth)
carrier wave.® The output of this comparison is a series of pulses whose widths
vary in direct proportion to the instantaneous amplitude of the reference sine
wave at the center of each pulse.?

Objective: The primary goal is to produce an average output voltage that is
sinusoidal, with independently controllable amplitude and frequency. This
technique is extensively used in DC-to-AC inverters, such as those found in
uninterruptible power supplies (UPS), variable frequency drives (VFDs) for AC
motors, and grid-tied renewable energy systems.®

Modulation Index (M): A key parameter in SPWM is the modulation index,
defined as the ratio of the amplitude of the sinusoidal reference signal (Ar) to the
amplitude of the triangular carrier signal (Ac), i.e., M=Ar/Ac. The modulation index



directly controls the RMS value (and thus the amplitude of the fundamental
component) of the output AC voltage.”? A modulation index of 1 or less typically
corresponds to the linear modulation range, where the output fundamental is
proportional to M.

e Frequency Control: The frequency of the synthesized AC output waveform is
determined by the frequency of the sinusoidal reference signal.®

SPWM is a cornerstone technology for AC power generation and motor control,
allowing precise manipulation of AC waveforms from DC sources.

D. Advanced Modulation Techniques

Beyond the fundamental types, several advanced PWM techniques have been
developed to optimize performance in specific, often more demanding, applications.

1. Space Vector Modulation (SVM)

Space Vector Modulation is an advanced digital PWM algorithm predominantly used for
controlling three-phase inverters, such as those in AC motor drives and grid-connected
converters.22

e Principle: Instead of comparing individual phase voltages with a carrier, SVM
considers the instantaneous desired three-phase output voltage as a single
rotating vector in a two-dimensional complex plane (the a-f plane). The inverter
has a finite number of possible switching states (typically eight for a two-level
inverter), each corresponding to a fixed voltage vector. SVM works by selecting
appropriate adjacent active switching states and zero states, and calculating the
time durations for which each state should be applied within a switching period.
The weighted average of these vectors over the period then synthesizes the
desired reference voltage vector.”

e Advantages: Compared to traditional SPWM in three-phase systems, SVM
generally offers better utilization of the DC bus voltage (allowing for a higher
maximum AC output voltage for a given DC link), lower harmonic distortion in the
output currents, and potentially higher efficiency.”? SVM represents a more
computationally intensive approach but often yields superior performance in
high-power three-phase applications.

2. Selective Harmonic Elimination (SHE)
Selective Harmonic Elimination, also known as programmed PWM, is a technique focused on
eliminating specific, usually lower-order, undesired harmonics from the PWM output voltage
waveform.22
e Principle: SHE involves pre-calculating a set of optimal switching angles
(a1,a2,...,aN) for the PWM pulses within each cycle. These angles are determined



by solving a system of nonlinear transcendental equations, where the objective is
to make the amplitudes of selected harmonic components zero while achieving
the desired fundamental voltage amplitude.

e Applications: SHE is useful in applications where certain harmonics are
particularly detrimental, such as in high-power static VAR compensators or
specialized motor drives where torque ripple due to specific harmonics must be
minimized. While SHE offers precise control over the harmonic spectrum, it is
generally less flexible for dynamic changes in output voltage or frequency
compared to carrier-based methods like SPWM, as the switching angles are
pre-calculated for specific operating points.

Other specialized techniques also exist, such as dual-edged PWM, which is
optimized for power conversion applications where precise phase alignment needs to
be adjusted ', and multi-pulse width modulation, which aims to reduce overall
harmonic content by introducing multiple pulses per half-cycle of the output
waveform.?

The selection of a particular PWM technique is a critical design decision, driven by the
application's specific requirements concerning harmonic content, DC bus voltage
utilization, dynamic response capabilities, and the computational resources available
in the controller. Simpler applications might suffice with edge-aligned PWM, while AC
motor control often benefits from the improved harmonic profiles and phase balance
of center-aligned PWM, SPWM, or the superior DC bus utilization of SVM. SHE is
reserved for cases where the mitigation of specific harmonics is paramount. This
hierarchy of techniques underscores the adaptability of PWM to a wide range of
control challenges.

Advanced PWM techniques like SVM and SHE signify a progression towards more
“intelligent” switching strategies. These methods actively shape the output spectrum
or optimize resource utilization, often necessitating more sophisticated digital
controllers (MCUs or DSPs) capable of handling the increased computational load. As
processing power continues to advance, such advanced PWM strategies become
increasingly feasible, continuously pushing the performance boundaries in power
electronics.

The modulation index in SPWM is a critical parameter influencing not only the output
voltage amplitude but also the harmonic spectrum. In the linear modulation range
(M<1), the pulse widths vary sinusoidally, and the harmonic content is generally
predictable, with harmonics clustered around multiples of the carrier frequency.
However, if the modulation index exceeds 1 (overmodulation), the reference sine



wave's peaks surpass the carrier wave's amplitude. This causes the PWM pulses to
become fully on (or fully off) for portions of the cycle. While overmodulation can
increase the fundamental component of the output voltage (improving DC bus
utilization), it also distorts the output waveform from a pure sine wave, introducing
lower-order harmonics that are more difficult to filter. This presents a design trade-off
between maximizing output voltage and maintaining low harmonic distortion.
Techniques like third-harmonic injection PWM (where a third harmonic component is
intentionally added to the sinusoidal reference) are used to extend the linear
modulation range and achieve higher fundamental output voltage before significant
distortion and lower-order harmonics become problematic.”

The following table provides a comparative overview of common PWM techniques:

Table 1: Overview of Common PWM Techniques

PWM Type Principle of Key Typical Primary
Generation Characteristics | Applications Advantage
(Alignment,
Waveform,
Complexity)
Edge-Aligned Modulating Left or Right General-purpos Simplicity of
PWM signal compared | alignment. e control, DC generation.
with sawtooth Simple square motor speed,
carrier; or digital | wave output. LED dimming.
counter (e.g., Low complexity.
down-counter).
Pulse aligned to
one period
edge.
Center-Aligned Modulating Symmetrical AC motor Reduced certain
PWM signal compared | alignment. control harmonics,
with triangular Square wave (especially better phase
carrier; or digital output. three-phase), balance in
up/down Moderate some power multi-phase
counter. Pulse complexity. converters. systems. ¢
centered in
period.
Sinusoidal Sinusoidal Pulse widths DC/AC inverters, Generates
reference vary AC motor drives controllable AC




PWM (SPWM) compared with sinusoidally. (VFDs), UPS. ® waveforms from
high-frequency Aims for DC; good
triangular sinusoidal fundamental
carrier. average output. component

Moderate control.
complexity.

Space Vector Digital algorithm Digital, Three-phase AC Better DC bus

moderate for
implementation.

harmonics. %

Modulation calculates vector-based. motor drives, utilization, lower

(SVM) switching times High complexity. | grid-tied harmonics
based on inverters. 22 compared to
desired voltage SPWM in
vector in a-f3 3-phase
plane for systems. %2
three-phase
systems.

Selective Pre-calculated Programmed, High-power Precise

Harmonic Elim. switching angles | non-carrier converters, elimination of

(SHE) to eliminate based. Very high | applications targeted
specific complexity for sensitive to harmonics.
harmonics. calculation, specific

V. Technical Aspects and Considerations in PWM Systems

The practical implementation and performance of PWM systems are influenced by
several technical factors. These include the resolution of the PWM signal, quantization
errors inherent in digital systems, the harmonic content generated, the necessity and
design of filters, and specific considerations for certain circuit topologies like

H-bridges.

A. PWM Resolution and Its Impact on Control Precision

PWM resolution refers to the smallest discrete increment by which the duty cycle of
a PWM signal can be changed.” In digital PWM systems, this resolution is
fundamentally determined by two main factors:

1. The number of bits in the timer or counter used to generate the PWM signal. An
N-bit timer can produce 2N distinct duty cycle steps. For example, a common
8-bit timer, like that used in Arduino's analogWrite() function, provides 28=256
discrete steps, allowing the duty cycle to be set in increments of approximately
0.39% (from O to 255).” More advanced controllers, like the Infineon XDPL822x,




may use higher resolution, such as 211=2048 steps.*

2. The relationship between the PWM frequency (fPWM) and the system clock
frequency (fCLK) that drives the timer. The number of countable steps in one
PWM period is fCLK/fPWM. This value effectively sets the maximum achievable
resolution for that PWM frequency. For instance, if fCLK is 50 MHz and fPWM is 1
kHz, the granularity is 50,000 steps, offering very fine resolution.?®

The impact of PWM resolution on control precision is significant. Higher resolution
allows for finer adjustments to the average output voltage or power, leading to
smoother control and more accurate tracking of setpoints. Conversely, lower
resolution can result in noticeable "steps" or coarseness in control. This can be
particularly problematic in applications requiring very smooth transitions, such as
fine-tuning LED brightness at low levels or achieving very precise motor speed
regulation.

As discussed previously, there is an inherent trade-off: for a fixed system clock
frequency, increasing the PWM frequency (to reduce ripple or improve dynamic
response) will decrease the number of clock ticks per PWM period, thereby reducing
the available resolution. Designers must carefully balance these competing
requirements.

B. Quantization Error in Digital PWM Systems

Quantization error is an unavoidable artifact in digital PWM systems that arises from
the process of representing a continuous range of desired analog values (or ideal
duty cycles) with a finite, discrete set of digital values that the PWM generator can
actually produce.®

e Origin and Nature: When a specific duty cycle is commanded (perhaps from an
analog sensor reading converted to digital, or from a control algorithm), it must
be mapped to the nearest available discrete step that the PWM hardware can
generate. The difference between the ideal, continuously variable desired value
and the actual, discrete quantized value is the quantization error.* This error can
be conceptualized as a form of noise added to the intended signal.*°

e Magnitude: The magnitude of the quantization error is typically bounded by
+(1/2) of the quantization step size, also known as the Least Significant Bit (LSB)
value. Therefore, increasing the PWM resolution (i.e., decreasing the step size by
having more quantization levels) directly reduces the maximum possible
quantization error.?®

e Effects: Quantization error can manifest in several undesirable ways. In LED
dimming applications, it can cause perceptible flicker, especially at very low



brightness levels where the relative error (quantization error as a percentage of
the set level) becomes larger.”® In motor control, it can lead to small, unintended
variations in speed or torque. In PWM-based DACs, it contributes to the overall
noise and limits the achievable accuracy.

e Mitigation: The primary method to reduce quantization error is to use a PWM
generator with higher resolution. Additionally, some systems employ techniques
like hysteresis, where small changes in the commanded duty cycle (e.g., changes
of only 1 LSB) are ignored unless a larger threshold is crossed. This can help to
suppress oscillations or flicker caused by the system hunting between two
adjacent quantization levels.?® Dithering, which involves adding a small amount of
random noise to the signal before quantization, can also be used in some
ADC/DAC contexts to spread the quantization error across the frequency
spectrum, making it less perceptible, though its direct application to PWM duty
cycle setting is less common than hysteresis.

The conflict between achieving high PWM resolution and the need for high PWM
frequencies (for better filtering and dynamic response) is a fundamental challenge.
High resolution implies many timer counts per PWM period. For a fixed system clock,
this means a longer PWM period (lower frequency). Conversely, a high PWM
frequency reduces the timer counts per period, thus lowering resolution and
potentially increasing the relative impact of quantization noise, especially at low duty
cycle settings.” This necessitates careful system design, often involving the selection
of microcontrollers with high-speed clock capabilities and high-resolution PWM
peripherals, or resorting to more advanced modulation strategies.

C. Harmonic Content and Frequency Spectrum of PWM Signals

PWM signals, being periodic but non-sinusoidal rectangular waveforms, inherently
contain not only the desired DC or fundamental AC component but also a series of
unwanted higher-frequency components known as harmonics. Understanding and
managing this harmonic content is crucial for system performance, filter design, and
electromagnetic compatibility (EMC).

1. Mathematical Analysis (e.g., Fourier Series, Bessel Functions)

The frequency spectrum of a PWM waveform can be precisely determined using Fourier
analysis. Any periodic waveform can be decomposed into an infinite sum of sinusoidal
components (a fundamental frequency and its integer multiples, the harmonics), each with a
specific amplitude and phase.14

For PWM waveforms, particularly those generated by comparing a modulating signal
with a carrier (like SPWM), a double Fourier series expansion is a well-established
analytical tool.” The resulting equations for the amplitudes of the harmonic



components often involve Bessel functions of the first kind when the modulating
signal is sinusoidal.?®

Typically, the harmonic spectrum of a PWM signal exhibits the following
characteristics:

e A DC component (if the average value is non-zero).

e A fundamental component at the modulating frequency (e.g., in SPWM, this is the
desired AC output frequency).

e Groups of harmonics clustered around multiples of the carrier frequency
(switching frequency, fc). These include harmonics at m-fc and sideband
harmonics at m-fcxk-fm, where fm is the modulating frequency, and m and k are
integers."

The analytical expression for the output voltage harmonic spectrum of a single-phase inverter
with an ideal DC bus voltage VDC and a single-frequency sinusoidal modulation signal
S(t)=Mcos(wmt) (where M is the modulation index) is given by 23:
vout(t)=2VDCMcos(wmt)+Xm="1eXn=-c0comtt2VDCJn(2mMrr)sin(2(m+n)tt)cos(nwmt+muwct)
(Note: The exact form can vary slightly based on definitions and PWM type, e.g. including the
DC offset term VDC/2 if unipolar PWM is considered, or specific phase angles). Jn represents
the n-th order Bessel function of the first kind. This mathematical framework allows for the
prediction of the amplitude and frequency of each harmonic component.

2. Factors Influencing Harmonics (DC Bus Ripple, Modulation Signal)

The idealized harmonic analysis often assumes a perfectly smooth DC bus voltage. However,
in practical systems, the DC bus voltage can have ripple, often originating from the
rectification process or the interaction of the converter with the DC source impedance. This
DC bus ripple can interact with the PWM switching process and introduce additional, often
lower-frequency, harmonic components into the output voltage spectrum that are not
predicted by the ideal analysis.23 These interactions can be complex, for instance, an i-th
order harmonic on the DC bus can generate baseband harmonics of order n=i and n=| | 1zi] |
in the output voltage, as well as new sidebands around the carrier multiples.23
Furthermore, the characteristics of the modulating signal itself significantly influence
the output harmonic spectrum. If the modulating signal is not purely sinusoidal but
contains other harmonic components (e.g., due to feedback control loops or
intentional signal shaping like third-harmonic injection), these components will also
manifest in the output spectrum, creating additional sidebands or modifying the
amplitudes of existing harmonics.?® For example, third-harmonic injection PWM,
where a third-harmonic component is deliberately added to the sinusoidal reference
signal, is a common technique used to increase the linear operating range of
three-phase inverters (i.e., achieve a higher fundamental output voltage before
overmodulation occurs) and can alter the harmonic profile.”



The analysis of PWM harmonics reveals that PWM is not merely about creating an
average DC level or a low-frequency AC waveform; it is fundamentally about actively
managing and shaping an entire frequency spectrum. The choice of PWM technique,
carrier frequency, modulation index, and even the handling of DC bus characteristics
are all part of this spectral engineering process. The "unwanted" harmonic
components are not random noise but are predictable (via Fourier analysis) and can
be strategically managed, minimized, or shifted to frequencies where they are easier
to filter or have less detrimental impact on the load. This understanding is critical as
systems become more complex and electromagnetic compatibility (EMC) regulations
become stricter.

D. Filtering Techniques for PWM Outputs

In most PWM applications, the raw PWM signal with its high-frequency switching
components is not directly usable by the load. Filters are essential to attenuate these
unwanted high-frequency harmonics and extract the desired average DC value or the
fundamental AC component.

1. Low-Pass Filters (RC, LC)

The most common type of filter used with PWM outputs is the low-pass filter, designed to
pass low-frequency signals (like the DC average or the fundamental AC component) while
attenuating high-frequency signals (the PWM carrier frequency and its harmonics).4

e RC Filters: These are simple first-order passive filters consisting of a resistor (R)
and a capacitor (C). They are often used for low-power signal reconstruction,
such as in creating a DC analog voltage from a PWM output (PWM DAC).”® An RC
filter provides a roll-off of -20 dB per decade of frequency beyond its cut-off
frequency. While simple and inexpensive, their performance is limited, and the
resistor introduces power loss if significant current is drawn.

e LC Filters: These are second-order passive filters employing an inductor (L) and
a capacitor (C). LC filters provide a steeper roll-off of -40 dB per decade, making
them more effective at attenuating high-frequency harmonics.* They are
commonly used in power applications such as DC-DC converters, DC-AC
inverters, and Class-D audio amplifiers to smooth the output voltage or current.
The inductor is typically placed in series with the load, and the capacitor in
parallel.

2. LC Filter Design for PWM Inverters and DACs

The primary objective when designing an LC filter for a PWM inverter is to preserve the
desired fundamental AC component while effectively eliminating the high-order harmonics
generated by the switching process.26 For PWM-based DACs, the filter must extract the DC
average value with minimal ripple and provide an acceptable settling time for changes in the



desired analog output.28
Key design considerations for LC filters include *":

e Cut-off Frequency (fc): This determines the point at which the filter starts
attenuating signals.

e Component Values (L and C): These are chosen to achieve the desired fc and
characteristic impedance.

e Load Effects: The impedance of the load can affect the filter's performance,
particularly its damping and actual cut-off frequency.

e Ripple Requirements: Specifications for maximum allowable ripple in the output
voltage or current will drive the filter's attenuation characteristics.

e Q Factor and Resonance: LC filters can exhibit resonance at their cut-off
frequency. If the Q factor is too high (underdamped), this can lead to voltage or
current peaking and potential instability, especially with light loads. Damping (e.g.,
by adding a series resistor with the inductor or a parallel RC network across the
capacitor) may be necessary.

e Component Ratings: Inductors must be rated for the expected DC and AC
currents without saturating. Capacitors must handle the ripple current and
voltage stresses.

For inverters, Ott filters have been suggested as an alternative because their input
impedance is always capacitive, which is generally well-tolerated by the inverter's
switching stage. Some other low-pass filter topologies might present an inductive
input impedance at certain frequencies, which could potentially damage the inverter.?’

3. Cut-off Frequency Selection and Component Sizing
The selection of the cut-off frequency (fc) is a critical first step.

e A general rule of thumb is to choose fc to be significantly lower than the PWM
switching frequency (fPWM), often by a factor of 10 or more (i.e., fc<fPWM/10).%°
This ensures adequate attenuation of the switching harmonics.

e Another common starting point is to select fc as the geometric mean (logarithmic
midpoint) between the desired maximum output frequency (fout,max) and fPWM:
fc=fout,max-fPWM.* For DC outputs, fout,max can be considered very low.

Once fc is determined, the component values L and C are calculated using the
formula fc=1/(21tLC). The ratio of L to C (Z0=L/C, the characteristic impedance) is also
chosen based on load impedance, damping requirements, and practical component
availability. Filter design is often an iterative process involving simulation and
trade-offs between performance, component size, cost, and power losses (e.g.,
inductor core losses and winding resistance, capacitor ESR).”



E. Dead-Time Insertion in H-Bridge Converters: Necessity and Implementation

In power electronic circuits employing bridge topologies, such as H-bridges
(full-bridges) or half-bridges, which are commonly used for motor control, Class-D
amplifiers, and inverters, dead-time insertion is a critical protective measure.

e Necessity: An H-bridge leg consists of two switches in series (a high-side switch
connected to the positive DC rail and a low-side switch connected to the negative
DC rail or ground). If both switches in the same leg were to conduct
simultaneously, even for a very brief moment during switching transitions, a direct
short circuit would occur across the DC power supply. This condition, known as
shoot-through or "cross-conduction," can lead to extremely high currents,
potentially damaging or destroying the switching devices (MOSFETs or IGBTs) and
stressing other components.?

¢ Implementation: To prevent shoot-through, a small delay, called dead-time (or
blanking time), is intentionally introduced into the gate drive signals. During this
dead-time, both the high-side and low-side switches in a leg are commanded to
be OFF. This ensures that one switch has fully turned OFF before its
complementary switch in the same leg is commanded to turn ON.*

e Methods of Implementation:

o Hardware-based: Many dedicated MOSFET/IGBT gate driver ICs (e.g., the
IR2110 mentioned in a Class-D amplifier build *?) incorporate built-in
dead-time generation logic.’’ Some microcontrollers with advanced PWM
peripherals also offer programmable dead-time insertion features.

o Software/Logic-based: If not provided by dedicated hardware, dead-time
can be implemented by the microcontroller or FPGA controlling the PWM
signals. This involves carefully offsetting the timing of the complementary gate
signals using software delays or digital logic to create the non-overlap
period.”

Dead-time is essential for the safe and reliable operation of all bridge-type power
converters. However, it's important to recognize that dead-time itself introduces some
non-ideal effects. During the dead-time interval, the current in an inductive load (like
a motor winding or filter inductor) must continue to flow. It typically freewheels
through the body diodes of the MOSFETs (or anti-parallel diodes with IGBTs). The
voltage drop across these diodes is generally different from (and often larger than)
the on-state voltage drop (VDS(on)) of the MOSFETs. This difference in voltage during
the dead-time intervals can cause the actual average output voltage of the converter
to deviate slightly from the ideal voltage predicted by the duty cycle alone. This
phenomenon, sometimes called "dead-time distortion" or "blanking time effect," is



dependent on the direction of the load current and can introduce non-linearity,
especially at low duty cycles or in high-precision applications like high-fidelity
Class-D audio amplifiers or precise motor control systems. Advanced control schemes
sometimes include dead-time compensation algorithms to mitigate these effects.*

VI. Applications of Pulse Width Modulation

The versatility, efficiency, and digital compatibility of Pulse Width Modulation have led
to its adoption across a vast spectrum of electronic applications. From controlling the
power delivered to motors and lights to synthesizing audio signals and transmitting
information, PWM is a ubiquitous technique.

A. Power Control and Regulation

One of the primary domains for PWM is the efficient control and regulation of
electrical power.

1. Switch-Mode Power Supplies (SMPS)

PWM is the fundamental control mechanism in the vast majority of modern Switch-Mode
Power Supplies (SMPS), including common topologies like buck (step-down), boost (step-up),
buck-boost, and flyback converters.2

e Operation: In an SMPS, a semiconductor switch (typically a MOSFET or IGBT) is
rapidly turned on and off by a PWM signal. This switching action is used to control
the flow of energy through magnetic components (inductors and/or
transformers).®

e Regulation: A feedback control loop continuously monitors the output voltage (or
current) of the SMPS and compares it to a desired setpoint. An error amplifier
processes any difference, and this error signal is used to adjust the duty cycle of
the PWM signal controlling the main switch. This closed-loop operation ensures
that the output remains stable and regulated despite variations in the input
voltage or the load conditions.?

e Advantages: The key benefits of PWM-controlled SMPS over older linear power
supplies are significantly higher efficiency (often 80-95% or more), smaller
physical size, and lighter weight, primarily due to the use of high switching
frequencies which allow for smaller magnetic components and capacitors.?

SMPS are integral to virtually all electronic devices, from consumer electronics and
computers to industrial equipment and telecommunication systems, with PWM at the
heart of their operation.

2. DC-DC Converters and DC-AC Inverters (VFDs)



e DC-DC Converters: These devices use PWM to efficiently convert one DC
voltage level to another. The specific topology (buck, boost, etc.) determines
whether the voltage is stepped down or up, but PWM control of the switching
elements is common to all.

e DC-AC Inverters: Inverters transform DC power into AC power. PWM techniques,

particularly Sinusoidal PWM (SPWM) or Space Vector Modulation (SVM), are

employed to generate an AC output waveform of a desired voltage and frequency

from a DC source.” This is critical for applications like uninterruptible power
supplies (UPS), solar inverters that feed power into the grid, and motor drives.

e Variable Frequency Drives (VFDs): VFDs are a specific application of DC-AC
inverters that are used to control the speed of AC motors. By using PWM to vary
both the amplitude and the frequency of the AC voltage supplied to the motor,
VFDs can provide precise and efficient speed control.” Often, a constant

voltage-to-frequency (V/f) ratio is maintained to ensure optimal motor torque and

prevent saturation or overheating.’

These converter technologies are vital in industrial automation, renewable energy
integration, electric vehicles, and many other areas requiring efficient power
conversion and control.

3. Comparison: PWM (Switching) vs. Linear Power Regulation

The choice between PWM-based switching regulation and traditional linear regulation for
power supplies depends on the specific requirements of the application.

Table 2: Comparison of PWM (Switching) vs. Linear Power Regulation

Feature PWM (Switching) Linear Regulation
Regulation

Efficiency High (typically 80-95%+) Low (typically 30-60%),

excess power dissipated as
heat *

Size/Weight Smaller and lighter due to Larger and heavier due to
high frequency, smaller low-frequency transformers
magnetics ** and heatsinks **

Output Noise/Ripple Higher, due to switching; Very low noise and ripple *
requires filtering **




due to efficiency and
component size

Complexity More complex circuit design ** | Simpler circuit design for
basic regulation **
Cost Can be lower for high power Can be lower for very low

power, but higher for high
power due to heatsinking

Response Time

Can be slower to transient
load changes depending on
design

Generally faster transient
response

Step Up/Down Capability

Can step up (boost) or step
down (buck) voltage *

Can only step down voltage **

Input Voltage Range

Can handle wider input
voltage ranges

More restricted input voltage
range

EMI Generation

Higher potential for EMI due
to switching

Low EMI

Typical Applications

Most electronics (computers,
chargers), high-power
systems, battery-powered
devices *

Precision analog circuits,
low-noise amplifiers, lab
equipment, medical devices **

Linear power supplies excel in applications demanding very low noise and excellent
regulation, but their inefficiency makes them unsuitable for high-power applications
or where energy conservation is critical.** PWM-based switching supplies, despite
their potential for higher noise (which can be mitigated with careful design and
filtering), are generally preferred for their superior efficiency, compact size, and

flexibility.®

B. Motor Control

PWM is the de facto standard for controlling various types of electric motors

efficiently and precisely.

1. DC Motor Speed and Direction Control

e Speed Control: The rotational speed of a DC motor is generally proportional to
the average voltage applied to its armature (assuming constant field flux). By
varying the duty cycle of a PWM signal applied to the motor, the average voltage




is controlled, thus regulating the motor's speed.? PWM is particularly effective for
maintaining torque even at low RPMs, compared to methods like resistive voltage
reduction which can cause stalling.? Microcontrollers are commonly used to
generate the necessary PWM signals for DC motor control, allowing for
sophisticated speed profiles and closed-loop control.”” A commercial 50A DC
motor speed controller, for example, uses PWM with adjustable frequency (100
Hz fixed, or 244 Hz - 3.125 kHz variable) and 0-100% duty cycle adjustment.™

e Direction Control: To control the direction of a DC motor, an H-bridge circuit is
typically employed. An H-bridge consists of four switches (usually MOSFETs or
BJTs) arranged in an 'H' configuration around the motor. By selectively activating
pairs of these switches using PWM signals, the direction of current flow through
the motor can be reversed, thereby changing its direction of rotation.” The speed
in either direction is still controlled by the duty cycle of the PWM signals applied
to the active switches.

e Soft-Start: PWM can be used to implement soft-start features, where the duty
cycle is gradually increased from 0% to the desired setpoint when the motor is
powered on. This reduces mechanical stress on the motor and gearing, as well as
electrodynamic stress on cables and power sources, thereby extending the
lifespan of the system.”™

2. AC Motor Control (via VFDs)

As previously mentioned in the context of DC-AC inverters, Variable Frequency Drives (VFDs)

utilize PWM (often SPWM or SVM) to generate AC power of variable voltage and variable

frequency from a DC link. This controlled AC power is then supplied to AC induction motors or

synchronous motors to manage their speed and torque.3 Maintaining an appropriate

voltage-to-frequency (V/f) ratio is crucial for efficient operation across the speed range and

to prevent issues like magnetic saturation or insufficient torque.5 VFDs are indispensable in

industrial automation for applications like fans, pumps, conveyors, and machine tools, offering

significant energy savings and improved process control.

3. Servo Motor Positioning

Servo motors, commonly used in robotics, automation, and radio-controlled (RC) models, are

controlled using a specific type of PWM signal.1

e Signal Characteristics: These servos typically expect a PWM signal with a fixed
frequency, commonly 50 Hz (a period of 20 ms). The angular position of the servo
motor's output shaft is determined by the width (duration) of the positive pulse
within this 20 ms period.®
e Pulse Width Mapping: For many standard hobby servos, a pulse width of around

1.5 ms corresponds to the neutral position (e.g., 90 degrees). A shorter pulse
(e.g., 1.0 ms) might correspond to one extreme of rotation (e.g., O degrees), and a
longer pulse (e.g., 2.0 ms) to the other extreme (e.g., 180 degrees).® The duty



cycle for these signals ranges from 5% (1ms/20ms) to 10% (2ms/20ms). This
simple digital interface allows for precise and repeatable control of angular
position.

4. H-Bridge Drivers for Motor Control

H-bridge drivers are fundamental for enabling bidirectional control of DC motors and are also
used in driving other loads like bipolar stepper motors. PWM is applied to the switches within
the H-bridge to control not only the speed of the motor (by varying the duty cycle) but also its
direction (by selecting which diagonal pair of switches is active, or by modulating different
switches for forward and reverse).2 Critical design aspects for PWM-controlled H-bridges
include efficient gate driving and the implementation of dead-time to prevent shoot-through
(as detailed in Section V.E).

C. Lighting Control: LED Dimming

PWM is the preferred method for controlling the brightness of Light Emitting Diodes
(LEDs) due to its efficiency and ability to maintain color consistency.

1. Principles of PWM-based LED Brightness Control

Instead of reducing the forward current or voltage to an LED (analog dimming), which can
alter its color temperature and reduce its efficiency, PWM-based dimming involves switching
the LED ON and OFF at a high frequency.1 The LED receives its full rated current during the
ON pulses, ensuring it operates at its optimal chromaticity and efficacy. The human eye, due
to persistence of vision, integrates these rapid ON-OFF cycles and perceives an average
brightness level that is directly proportional to the duty cycle of the PWM signal.6 A higher
duty cycle means the LED is ON for a larger fraction of each period, resulting in higher
perceived brightness, and vice versa.

2. Frequency Considerations for Flicker-Free Dimming

To achieve smooth, flicker-free dimming, the PWM frequency must be sufficiently high. If the
frequency is too low, the ON-OFF cycling can become perceptible, leading to visual
discomfort or issues with video recording.

e Frequencies below 100-120 Hz are often noticeable and can cause eye strain or
headaches for sensitive individuals.™

e Typical PWM frequencies for LED dimming are in the range of several hundred
Hertz to many kilohertz.?

e For demanding applications, such as professional lighting for video or
environments with highly sensitive occupants, frequencies of at least 1 kHz are
recommended, with some advocating for frequencies as high as 20 kHz to 40 kHz
to completely eliminate any possibility of flicker or stroboscopic effects.™
However, very high frequencies can lead to increased switching losses in the
driver and potentially more EMI."

3. AC Lamp Dimming using PWM (with appropriate circuitry)



Dimming traditional AC incandescent lamps using PWM is more complex than dimming DC
LEDs. It cannot be done by directly applying a low-voltage PWM signal.

e Rectification and Chopping: One common approach involves first rectifying the
AC mains voltage to produce pulsating DC. Then, a high-voltage switching device
(like a MOSFET or IGBT) controlled by a PWM signal is used to "chop" this
rectified DC, effectively applying PWM to the lamp.** The PWM frequency should
be high enough to avoid flicker. This method is generally suitable only for resistive
loads like incandescent bulbs and not for inductive loads (e.g., motors, some
types of fluorescent or LED replacement lamps with their own internal drivers).*

e Phase Control with Zero-Crossing Detection: Another method, more akin to
traditional TRIAC dimmers, uses zero-crossing detection to synchronize with the
AC waveform. A microcontroller then uses a timer (which can be related to PWM
hardware) to delay the firing of a TRIAC within each AC half-cycle. The later the
TRIAC is fired, the less power is delivered to the lamp, resulting in dimming.*’
While this uses timing, it's distinct from the high-frequency chopping PWM used
for LEDs.

D. Audio Amplification: Class-D Amplifiers

Class-D audio amplifiers utilize PWM to achieve high power efficiency compared to
traditional linear amplifier classes (A, AB, B).

1. Principle of Operation and Role of PWM
Class-D amplifiers are essentially switching amplifiers.2 The process typically involves:

e Modulation: The analog audio input signal is converted into a high-frequency
PWM signal. The duty cycle of this PWM signal is modulated by the instantaneous
amplitude of the audio input. This can be done by comparing the audio signal
with a high-frequency triangular or sawtooth carrier wave."® The PWM carrier
frequency is chosen to be well above the human audible range (e.g., hundreds of
kilohertz).

e Switching Output Stage: The PWM signal then drives a power output stage,
usually consisting of MOSFETs in a half-bridge or full-bridge configuration. These
transistors operate as switches, turning fully ON or fully OFF at the PWM
frequency, amplifying the PWM signal in terms of power handling capability.

e Demodulation (Filtering): The amplified high-frequency PWM signal from the
output stage is then passed through a passive low-pass filter, typically an LC
filter. This filter removes the high-frequency PWM carrier and its harmonics,
allowing the amplified replica of the original audio signal to pass through to the
loudspeaker.?



2. Efficiency Advantages and Design Considerations

e High Efficiency: The primary advantage of Class-D amplifiers is their very high
power efficiency, often exceeding 90%.” This is because the output transistors
spend most of their time in either the fully ON state (low voltage drop, high
current) or the fully OFF state (high voltage, low current), minimizing power
dissipation (P=VxI) within the transistors themselves. Linear amplifiers, in
contrast, operate their transistors in the active region, leading to significant
power loss as heat.

e Reduced Size and Heat: The high efficiency means less energy is wasted as
heat, reducing the need for large, bulky heatsinks. This allows Class-D amplifiers
to be smaller, lighter, and more suitable for compact applications.*®

e Design Considerations:

o PWM Frequency: Must be significantly higher than the highest audio
frequency (e.g., >200-400 kHz) to allow for effective filtering and to prevent
aliasing or interference with the audio signal.

o Dead-Time: Essential in the bridge output stage to prevent shoot-through.
However, dead-time can introduce distortion, so its effects may need to be
compensated for in high-fidelity designs.

o Filter Design: The output LC filter is critical for reconstructing the audio
signal accurately and attenuating the switching noise. Its design impacts
frequency response, distortion, and efficiency. Butterworth filters are often
preferred for their flat passband response.™

o Feedback: Negative feedback is often used to improve linearity, reduce
distortion, and enhance power supply rejection ratio (PSRR), as the basic
open-loop Class-D amplifier's gain can be proportional to the bus voltage.™

Modern Class-D amplifier designs have overcome many early challenges related to
audio quality and can now offer performance that is comparable to, or even exceeds,
that of high-quality linear amplifiers.*®

E. Telecommunications

PWM also finds applications in the field of telecommunications, primarily for signal
encoding and leveraging its noise immunity.

1. PWM for Signal Encoding and Information Transmission

The duty cycle of a PWM signal can be varied to represent and transmit information over a
communication channel.4 In this context, the PWM signal acts as a carrier, with the
information embedded in the temporal characteristic (pulse width) of the signal. This is a form
of digital encoding of analog signal levels or can be used to transmit discrete data values by



mapping them to specific duty cycles.

2. Noise Immunity Advantages

A key benefit of using PWM for communication, especially over potentially noisy channels, is
its inherent robustness compared to analog amplitude modulation.4

Since the information in a PWM signal is encoded in the timing of the pulse edges
(i.e., the duty cycle), and the amplitude of the pulses is typically fixed at standard
logic levels (e.g., OV and 5V), the signal is less susceptible to amplitude-based
noise.

Noise would generally need to be strong enough to erroneously change a
perceived logic level (1to O, or O to 1) near the pulse edges to corrupt the timing
information significantly.

At the receiving end, the original analog information can often be recovered by
passing the PWM signal through a low-pass filter, or the timing information can
be directly measured by a digital system.” This noise immunity allows PWM to
potentially extend the reliable length of a communications channel.

F. PWM as a Digital-to-Analog Converter (DAC)

A very common and cost-effective application of PWM is to function as a simple
Digital-to-Analog Converter (DAC), especially in microcontroller-based systems that
may not have a dedicated hardware DAC.

1. Principle and Implementation with Low-Pass Filters
The principle relies on the fact that the average voltage of a PWM signal is directly
proportional to its duty cycle.11

Generation: A digital system (e.g., an MCU) generates a PWM signal whose duty
cycle is set according to the digital value that needs to be converted to an analog
voltage.

Filtering: This PWM signal is then passed through a simple low-pass filter, most
commonly a first-order RC filter, though second-order LC or active filters can also
be used for better performance.?

Output: The low-pass filter attenuates the high-frequency switching components
of the PWM signal, allowing the average DC component to pass through. The
output of the filter is thus an analog voltage that is proportional to the
programmed duty cycle."

The performance of a PWM-based DAC depends on several factors:

PWM Resolution: Higher resolution (more bits for setting the duty cycle) allows
for finer steps in the output analog voltage.

PWM Frequency: A higher PWM frequency pushes the switching harmonics
further out, making them easier to filter. However, for a fixed system clock, this



can reduce resolution.

e Filter Characteristics: The filter's cut-off frequency, roll-off rate, and damping
factor determine how well the ripple is suppressed and how quickly the output
settles to a new voltage level.?® A typical design choice is to set the filter's cut-off
frequency to be at least 10 times lower than the PWM frequency.”

This technique provides a simple and inexpensive way to generate analog control
voltages for various purposes, such as setting reference levels, controlling
analog-input devices, or generating simple analog waveforms if the duty cycle is
varied over time.

G. Other Applications
The utility of PWM extends to numerous other areas:

e Heating Control: In applications like electric heaters, ovens, or soldering stations,
PWM can precisely regulate the average power delivered to the heating element
by varying the duty cycle of the power supplied to it. This allows for accurate
temperature control.”

e Battery Charging: PWM is used in sophisticated battery charging systems (e.g.,
solar charge controllers) to control the charging voltage and current applied to a
battery. By modulating the duty cycle, the charger can implement multi-stage
charging profiles (bulk, absorption, float) to optimize charging efficiency, prolong
battery life, and prevent overcharging.”

e Ultrasonic Cleaning: PWM can be used to drive transducers in ultrasonic
cleaning equipment.”

e Buzzer Loudness Control: The perceived loudness of a simple buzzer can be
controlled by driving it with a PWM signal and varying the duty cycle.”

The pervasiveness of PWM across such a diverse range of applications, from
high-power motor drives and power supplies to delicate LED dimming and audio
reproduction, underscores its fundamental utility. This stems from its core capability
to efficiently and precisely control the flow of energy using digital signals that are
easily generated and manipulated by modern microprocessors and dedicated ICs.

However, the successful application of PWM, a digital technique, often hinges on a
thorough understanding and careful management of the analog characteristics of the
load and the interfacing circuitry (such as filters and drivers). For instance, motors
exhibit inductance and generate back-EMF ?; LEDs have specific current-voltage
relationships and are subject to human perceptual factors like flicker '°; and audio
amplifiers demand high fidelity in waveform reconstruction, necessitating meticulous



filter design.* This implies that a purely digital perspective on PWM is insufficient for
robust system design. An effective PWM-based system requires a holistic approach
that considers the dynamic interaction between the digital control signal and the
analog domain it governs. This is why topics such as harmonic analysis, filter
optimization, and dead-time management are critical to achieving desired
performance.

Furthermore, the increasing sophistication observed in PWM control strategies—such
as advanced SVM algorithms, dynamic dead-time compensation, and high-resolution
PWM-based DACs with calibration—is directly linked to ongoing advancements in
microcontroller and Digital Signal Processor (DSP) capabilities. As these processing
platforms become more powerful and cost-effective, they enable the practical
implementation of more complex algorithms, continually refining PWM's effectiveness
and expanding its applicability. This suggests a co-evolutionary relationship: as the
demands on PWM systems grow, so too do the capabilities of the digital controllers
that implement them, leading to a continuous cycle of innovation and performance
enhancement.

The following table summarizes typical PWM frequencies and resolutions for some
common applications:

Table 3: Typical PWM Frequencies and Resolutions for Various Applications

Application Typical PWM Typical Resolution Key Considerations
Frequency Range (bits) / Control
Parameter
LED Dimming 100 Hz - 40 kHz+ 3 8-16 bits (e.g., 0-255 Flicker avoidance
for Arduino) (visual and camera),
color consistency,
efficiency. "°
DC Motor Speed 100 Hz - 20 kHz+ 3 8-12 bits Torque ripple, audible
Control noise, efficiency,
dynamic response. °
AC Motor Control 2 kHz - 20 kHz Effective resolution Harmonic distortion,
(VFDs) (carrier freq.) ° depends on V/f control, efficiency,
modulation strategy torque control. °




(SPWM, SVM).

Servo Motor Control

50 Hz (fixed period of
20ms) ©

Pulse width: 1ms -
2ms (approx. 5-10%

duty cycle) ©

Precise pulse width
timing for accurate

positioning. ©

Class-D Audio
Amplifiers

200 kHz - 1 MHz+

(carrier freq.) *

High (e.g., >12 bits
effective, depends on
modulator)

Low distortion, noise
shaping, filter design,
dead-time effects. '

Switch-Mode Power
Supplies

20 kHz - 2 MHz+ ©

Duty cycle control
(effective resolution
varies)

Efficiency, ripple,
transient response,

component size, EMI.
8

PWM DAC

kHz - MHz (higher for
better filtering)

8-16 bits (depends on
timer resolution vs.

Output ripple, settling
time, linearity, filter

clock speed) % complexity. %8

VIIl. Comparative Analysis of Modulation Techniques

Pulse Width Modulation is one of several methods used to encode information onto a
series of pulses. Understanding its relationship with other pulse modulation
techniques, such as Pulse Amplitude Modulation (PAM) and Pulse Position Modulation
(PPM), provides a broader context for its specific advantages and applications. All
these techniques are fundamental in signal processing and communications for
transmitting analog information using pulse trains, or for digital data transmission over
analog channels.*°

A. PWM vs. Pulse Amplitude Modulation (PAM)

e Pulse Amplitude Modulation (PAM): In PAM, the amplitude of each pulse in a
carrier train is varied in direct proportion to the instantaneous amplitude of the
modulating message signal at the sampling instant. The width and position of the
pulses typically remain constant.*® The PAM signal essentially traces the envelope
of the original analog wave.

e Pulse Width Modulation (PWM): As extensively discussed, in PWM, the width or
duration of each pulse is varied in proportion to the modulating signal's
amplitude, while the amplitude and position of the pulses remain constant.*°

Key Differences:



Modulated Parameter: PAM modulates the pulse amplitude; PWM modulates the
pulse width (duration).

Noise Immunity: PWM generally offers better noise immunity. Since the
information in PWM is encoded in the timing of the pulses and the amplitude is
constant (at logic levels), amplitude limiters can be effectively used in the receiver
to clip noise that might affect pulse amplitude.*” PAM, being an amplitude-based
modulation, is inherently more susceptible to amplitude noise and interference,
which can directly corrupt the encoded information.

Power Efficiency (Transmitter): For applications involving power control or
transmission of power-encoded signals, PWM is significantly more efficient. The
switching transistors in a PWM system are either fully ON or fully OFF, minimizing
their power dissipation. Generating PAM signals with varying amplitudes typically
requires linear amplification of the pulses, which is inherently less
power-efficient.

Signal Reconstruction/Demodulation: A Nyquist-sampled PAM signal can be
demodulated by passing it through an appropriate low-pass filter.*? PWM
demodulation (to recover an analog signal) also typically involves low-pass
filtering to extract the average value.

B. PWM vs. Pulse Position Modulation (PPM)

Pulse Position Modulation (PPM): In PPM, both the amplitude and the width of
the pulses are kept constant. The information is encoded by varying the position
(temporal displacement) of each pulse relative to a defined reference point or a
regular timing slot.*°

Pulse Width Modulation (PWM): PWM varies the pulse width, keeping amplitude
and (typically) the starting position of the pulse train regular.

Key Differences:

1.

Modulated Parameter: PPM modulates the pulse position; PWM modulates the
pulse width.

Noise Immunity: Both PWM and PPM can offer good noise immunity because
their information is not primarily encoded in amplitude. PPM can be very robust
against amplitude noise. However, PPM's reliance on precise timing can make it
susceptible to timing jitter or phase noise, which can displace the pulses and
introduce errors.

Bandwidth Requirements: PPM often requires a larger transmission bandwidth
compared to PWM for transmitting the same amount of information. This is
because accurately representing the varying positions of narrow pulses
necessitates faster rise and fall times, which correspond to a wider frequency



spectrum.

4. Power Efficiency: Similar to PWM, PPM pulses are of constant amplitude. This
allows for efficient generation using switching techniques, making it suitable for
power-constrained applications like optical communication or radio control.

5. Synchronization: Demodulation of PPM signals generally requires more complex
synchronization circuitry at the receiver to accurately detect the pulse positions
relative to the reference timing. PWM demodulation (for average value) is often
simpler.

The choice between PWM, PAM, and PPM for communication applications is driven by
a careful evaluation of trade-offs involving power efficiency, required bandwidth,
susceptibility to different types of noise in the specific channel, and the complexity of
modulation and demodulation circuitry. While PAM is simpler, its noise susceptibility is
a drawback. PWM's strength in power control applications, where varying the pulse
width directly controls average power, also translates well to certain communication
scenarios where the duty cycle can directly encode analog information or digital data
with good noise immunity. PPM is often favored in applications where peak power is
limited but average power needs to be very low (e.g., sending short, high-power
pulses infrequently) or where extreme noise immunity for pulse detection is
paramount.

While these techniques are often presented as distinct, the fundamental concept is
the modulation of a characteristic of a pulse train—be it amplitude, width, or
position—to convey information or control power. PWM's focus on varying the pulse
width has proven particularly advantageous for a vast range of electronic control and
power conversion systems due to its direct link to average power control and its
compatibility with efficient semiconductor switching.

The following table provides a concise comparison of these three pulse modulation
techniques:

Table 4: Comparison of PWM, PAM, and PPM

Feature

Pulse Width
Modulation (PWM)

Pulse Amplitude
Modulation (PAM)

Pulse Position
Modulation (PPM)

Modulated Pulse
Characteristic

Width (Duration) *'

Amplitude *'

Position (Timing) 41




Constant Pulse Amplitude, (Nominal) Width, Position Amplitude, Width
Characteristics Position

Relative Noise Good (amplitude Fair to Poor Good to Very Good
Immunity limiters effective) %2 (susceptible to (robust against
amplitude noise) * amplitude noise)
Typical Power High (switching Lower (requires linear | High (constant
Efficiency (Tx) operation) amplification) amplitude pulses)
Complexity of Moderate Simpler Mod/Demod Moderate to High
Mod/Demod 42 (synchronization

critical for demod)

Common Power control, motor Baseband signal Optical

Applications drives, LED dimming, transmission, some communications,
some digital data links radio control, some
communications * wireless systems

VIll. Conclusion and Future Trends

Pulse Width Modulation has established itself as an indispensable technique in the
field of electronics, characterized by its remarkable efficiency, precision, and
adaptability. Its fundamental ability to control analog systems and power delivery
through digitally generated signals has revolutionized countless applications.

A. Summary of PWM's Versatility and Importance

Throughout this report, the core principles, diverse techniques, and wide-ranging
applications of PWM have been explored. PWM's strength lies in its method of digitally
encoding analog signal levels by modulating the duty cycle of a square wave. This
allows for the precise control of average power delivered to a load, with switching
elements operating in highly efficient ON or OFF states, thereby minimizing energy
loss.

The key advantages of PWM—including high efficiency, excellent compatibility with
digital control systems like microcontrollers, and inherent versatility—have cemented
its role in numerous domains. These span from high-power applications such as
switch-mode power supplies, DC-DC converters, and motor drives (both DC and AC
via VFDs), to precise control tasks like LED dimming and servo motor positioning.
Furthermore, PWM is crucial in audio technology for Class-D amplifiers and even finds
utility in telecommunications for robust signal encoding and as a cost-effective



method for digital-to-analog conversion.

Technical considerations such as PWM resolution, quantization error, harmonic
content management, filter design, and dead-time insertion are critical for optimizing
the performance and reliability of PWM-based systems. The choice of PWM type—be
it edge-aligned, center-aligned, SPWM, SVM, or SHE—is dictated by the specific
requirements of the application concerning harmonic performance, DC bus utilization,
and control complexity.

B. Emerging Trends and Advancements in PWM Technology

Pulse Width Modulation is not a static field; it continues to evolve, driven by
advancements in semiconductor technology, digital processing capabilities, and the
ever-increasing demand for higher efficiency and performance in electronic systems.
Several trends suggest a dynamic future for PWM:

1. Advanced Semiconductor Devices: The commercialization and increasing
adoption of wide-bandgap semiconductor materials like Gallium Nitride (GaN)
and Silicon Carbide (SiC) are enabling PWM converters to operate at significantly
higher switching frequencies than traditional silicon-based devices. Higher
frequencies allow for more compact passive components (inductors and
capacitors), leading to increased power density and potentially faster dynamic
response. These materials also offer lower switching losses and higher
temperature operation, further enhancing efficiency.

2. Sophisticated Digital Control Algorithms: As microcontrollers and Digital Signal
Processors (DSPs) become more powerful and cost-effective, the implementation
of more complex and intelligent PWM strategies is becoming widespread. This
includes:

o Advanced SVM techniques for optimized three-phase control.

o Real-time adaptive dead-time compensation algorithms to minimize
distortion in bridge converters.

o Randomized PWM (RPWM) or spread-spectrum PWM techniques, where the
switching frequency or pulse position is intentionally dithered to spread the
harmonic energy over a wider frequency band, thereby reducing peak EMI
emissions and simplifying filter design.

o Model Predictive Control (MPC) applied to PWM converters, allowing for
highly optimized switching patterns based on predictive models of the
system.

3. Increased Integration: There is a continuing trend towards greater integration of
PWM control logic, gate drivers, power switching devices, and even sensing
elements into single IC packages or modules. This simplifies system design,



reduces component count, minimizes parasitic inductances and capacitances,
and can improve overall performance and reliability.

Enhanced Power Quality and Grid Interaction: In the context of renewable
energy systems (e.g., solar and wind inverters) and microgrids, advanced PWM
techniques are crucial for ensuring high power quality, minimizing harmonic
injection into the utility grid, and enabling sophisticated grid support functions
(e.g., reactive power control, fault ride-through).

Artificial Intelligence (Al) and Machine Learning (ML): Emerging research
explores the use of Al and ML techniques to optimize PWM patterns in real-time
for complex or time-varying systems. ML algorithms could potentially learn
optimal switching strategies to minimize losses, reduce EMI, or improve dynamic
response based on operational data.

The evolution of PWM is intrinsically tied to the progress in semiconductor device
technology and digital signal processing. As these foundational technologies
advance, they unlock new capabilities and refine existing PWM methods. The
relentless drive for improved energy efficiency, greater power density, and enhanced
control precision—particularly in critical areas like electric transportation, data
centers, industrial automation, and consumer electronics—ensures that PWM wiill
remain a vibrant and critical area of research and development. Its fundamental
principles of efficient energy modulation through digital means position it as a key
enabling technology for a more sustainable and technologically advanced future.
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