
 

Module 5: Power Electronic Converters  

Module Description: 

This module offers an exhaustive and rigorous treatment of the fundamental 
principles and practical implementations of power electronic converters, which are 
the cornerstone of modern electrical power processing. We commence by thoroughly 
examining the essential characteristics and operational roles of the semiconductor 
switches—diodes, MOSFETs, and IGBTs—that serve as the foundational building 
blocks for all power conversion circuits. The module then delves deeply into DC-DC 
converters, meticulously dissecting the circuit topologies, precise operating 
principles, and derivation of output voltage equations for both buck (step-down) and 
boost (step-up) configurations. A detailed discussion on continuous and 
discontinuous conduction modes will provide crucial insights into their behavior 
under varying load conditions. The paramount importance of duty ratio control as the 
primary mechanism for regulating DC output voltage will be thoroughly explored, 
accompanied by illustrative numerical examples and a review of typical applications 
such as Switched-Mode Power Supplies (SMPS) and battery charging. Subsequently, 
the module transitions to DC-AC converters (inverters), beginning with a 
comprehensive analysis of single-phase voltage source inverters, including 
half-bridge and full-bridge configurations and their inherent square-wave output 
characteristics. A dedicated and in-depth explanation of Sinusoidal Pulse Width 
Modulation (SPWM) will elucidate its sophisticated mechanism for achieving 
near-sinusoidal output waveforms and its critical role in harmonic mitigation. Finally, 
we will expand our discussion to three-phase voltage source inverters, detailing their 
standard topology and the sequential switching states involved in basic six-step 
operation, concluding with an extensive overview of the diverse and impactful 
applications of both DC-DC and DC-AC converters in industries ranging from 
renewable energy and motor drives to consumer electronics. 

Learning Objectives: 

Upon successful completion of this module, you will be able to: 

● Comprehensively describe the constructional features, operating principles, 
and applications of fundamental power semiconductor switches, including 
power diodes, MOSFETs, and IGBTs, detailing their on-state, off-state, and 
switching characteristics. 

● Analyze and explain in granular detail the circuit topology, switching states, 
and precise principle of operation of a DC-DC buck converter, meticulously 
deriving its ideal output voltage equation and discussing the conditions for 
continuous and discontinuous conduction modes. 

● Perform quantitative analysis by applying the derived output voltage equation 
for a DC-DC buck converter, accurately calculating output voltage or required 
duty ratio given input parameters. 



 

● Analyze and explain in granular detail the circuit topology, switching states, 
and precise principle of operation of a DC-DC boost converter, meticulously 
deriving its ideal output voltage equation and discussing the conditions for 
continuous conduction. 

● Perform quantitative analysis by applying the derived output voltage equation 
for a DC-DC boost converter, accurately calculating output voltage or required 
duty ratio given input parameters. 

● Elaborate on the critical role and implementation of duty ratio control as the 
primary method for voltage regulation in both buck and boost DC-DC 
converters. 

● Describe in comprehensive detail the circuit diagrams, switching sequences, 
and resulting square-wave output characteristics of single-phase voltage 
source inverters, differentiating between half-bridge and full-bridge topologies. 

● Provide an in-depth explanation of the concept and implementation of 
Sinusoidal Pulse Width Modulation (SPWM) for inverters, including the roles of 
the reference and carrier waves, and articulate its significant advantages in 
output voltage control and harmonic reduction. 

● Describe the standard circuit topology and explain the sequential six-step 
switching operation of three-phase voltage source inverters, identifying the 
resulting output voltage characteristics. 

● Identify, categorize, and explain a wide range of practical applications for both 
DC-DC and DC-AC converters across various sectors, citing specific examples. 

 

Topics: 

1. Introduction to Power Electronics: The Transformative Role of Power Converters 

Power electronics is a crucial interdisciplinary field that combines electronics, 
electrical power engineering, and control theory. It focuses on the efficient conversion 
and control of electrical power using solid-state semiconductor devices. Its 
significance stems from the widespread need to process electrical energy into 
various forms to match the requirements of different loads and sources. 

● Definition and Scope: 
○ Power Electronics Defined: The technology associated with the efficient 

conversion, control, and conditioning of electric power from one form to 
another through the use of solid-state electronic switching devices. 

○ Scope: It deals with high power levels (from watts to megawatts), 
focusing on high efficiency, precise control, and high reliability. The 
primary goal is to minimize energy losses during conversion. 

● Fundamental Role of Power Converters: Power converters are the core 
components in power electronic systems, acting as intermediaries between a 
power source and a load. Their main functions include: 

○ Voltage Level Change: Stepping up or stepping down voltage 
magnitudes (e.g., a charger stepping down AC mains to DC for a phone). 

○ Current Level Change: Adapting current levels as required by the load. 



 

○ Frequency Change: Altering the frequency of AC power (e.g., for motor 
speed control). 

○ AC/DC Transformation: Converting Alternating Current (AC) to Direct 
Current (DC) (rectification) or DC to AC (inversion). 

○ Power Flow Control: Regulating the flow of power in terms of magnitude 
and direction (e.g., regenerative braking in electric vehicles). 

○ Power Quality Improvement: Reducing harmonics, correcting power 
factor, and improving voltage stability. 

● Why Solid-State Devices? 
○ Traditional electromechanical converters (like motor-generator sets) 

were bulky, noisy, less efficient, and required more maintenance. 
○ Power semiconductor devices offer: 

■ High Efficiency: They operate primarily in ON (low voltage drop) 
or OFF (low current) states, dissipating minimal power. 

■ Fast Switching Speeds: Enable compact designs (smaller 
passive components like inductors and capacitors) and precise 
control. 

■ High Reliability and Long Lifespan: No moving parts. 
■ Compact Size and Lower Weight: Compared to older 

technologies. 
■ Precise Control: Easy integration with digital control systems. 

2. Power Semiconductor Devices (Detailed Overview) 

The ability to rapidly switch large amounts of power with minimal loss is fundamental 
to power electronics. This is achieved through specialized semiconductor devices. 

● Characteristics of an Ideal Switch: 
○ Zero ON-state voltage drop: No power loss when conducting. 
○ Infinite OFF-state resistance: No leakage current when blocking. 
○ Infinite switching speed: Instantaneous turn-on and turn-off. 
○ Infinite voltage and current handling capability. 
○ Zero gate drive power. 
○ No reverse recovery time. 
○ Real devices are approximations of this ideal. 

● 1. Power Diodes: 
○ Function: An uncontrolled, unidirectional switch. It conducts current 

when forward-biased (anode voltage > cathode voltage) and blocks 
current when reverse-biased. 

○ Construction: Typically a p-n junction with heavy doping and a thick 
n-base region to support high reverse voltages. 

○ Operating Principle: When forward biased, it acts like a closed switch 
with a small forward voltage drop (e.g., 0.7 V for silicon, up to 1-2 V for 
power diodes). When reverse biased, it acts like an open switch until its 
breakdown voltage is reached. 

○ Key Characteristics: 
■ Forward Voltage Drop (VF ): Voltage drop across the diode when 

conducting. 



 

■ Reverse Recovery Time (trr ): Time taken for the diode to switch 
from ON to OFF state. Important in high-frequency circuits. 

■ Peak Inverse Voltage (PIV): Maximum reverse voltage it can 
withstand without breakdown. 

○ Applications: Rectifiers (converting AC to DC), freewheeling diodes 
(providing a path for inductive current when a switch opens, preventing 
voltage spikes), clamping circuits. 

● 2. MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors): 
○ Function: A unipolar (current flow by majority carriers) 

voltage-controlled switch with three terminals: Gate (G), Drain (D), and 
Source (S). 

○ Construction: Composed of a semiconductor channel (e.g., N-type 
silicon) with a metal gate electrode separated by a thin insulating oxide 
layer. 

○ Operating Principle: 
■ Turn-ON: A positive voltage (VGS ) applied between the Gate and 

Source creates an electric field that induces a conducting 
channel between the Drain and Source, allowing current to flow. 
The device is ON when VGS  exceeds a threshold voltage. 

■ Turn-OFF: Removing the gate voltage (or making it zero/negative) 
causes the channel to disappear, blocking current flow. 

○ Key Characteristics: 
■ Voltage-Controlled: Requires very little gate current for control. 
■ Fast Switching Speed: Can operate at very high frequencies 

(hundreds of kHz to MHz) due to low gate charge. 
■ Low ON-state Resistance (RDS(on) ): The resistance between 

Drain and Source when ON. Lower RDS(on)  means lower 
conduction losses (I2RDS(on) ). This resistance increases with 
breakdown voltage rating. 

■ Built-in Body Diode: Most power MOSFETs have an intrinsic body 
diode connected between Drain and Source, which can conduct 
in the reverse direction. This is often used as a freewheeling 
path. 

○ Applications: Low to medium power, high-frequency applications like 
Switched-Mode Power Supplies (SMPS), DC-DC converters, motor 
drives for small appliances, lighting control, audio amplifiers. 

● 3. IGBTs (Insulated Gate Bipolar Transistors): 
○ Function: A hybrid device combining the advantages of a MOSFET 

(voltage-controlled, high input impedance) at the input and a Bipolar 
Junction Transistor (BJT) (low on-state voltage drop, high current 
density) at the output. It has three terminals: Gate (G), Collector (C), and 
Emitter (E). 

○ Construction: Essentially a MOSFET driving a BJT, designed to handle 
higher voltages and currents than typical MOSFETs. 

○ Operating Principle: 
■ Turn-ON: A positive voltage (VGE ) applied to the Gate turns ON 

the MOSFET part, which then injects carriers into the BJT part, 



 

turning it ON and allowing current to flow from Collector to 
Emitter. 

■ Turn-OFF: Removing the gate voltage turns OFF the MOSFET, 
which then turns OFF the BJT. 

○ Key Characteristics: 
■ Voltage-Controlled: Similar to MOSFETs, requiring minimal gate 

drive current. 
■ Low ON-state Voltage Drop (VCE(on) ): At high current levels, 

IGBTs typically have lower conduction losses than MOSFETs 
with similar voltage ratings. 

■ Higher Power Handling: Capable of handling higher voltages and 
currents compared to MOSFETs. 

■ Moderate Switching Speed: Slower than MOSFETs but faster than 
traditional BJTs. Suitable for applications up to tens of kHz. 

○ Applications: Medium to high power applications: AC motor drives, 
Uninterruptible Power Supplies (UPS), renewable energy inverters 
(solar, wind), electric vehicles, induction heating, traction. 

3. DC-DC Converters (Choppers) 

DC-DC converters, often called choppers, transform a fixed DC voltage into a 
controllable DC output voltage level. They achieve this by rapidly switching the DC 
input voltage using power semiconductor devices and then filtering the resulting 
pulsed waveform. 

● General Principle of Operation (PWM Control): 
○ The core idea is to vary the average value of the voltage applied to an 

output filter by rapidly turning a switch ON and OFF. 
○ Switching Period (Ts ): The total time for one complete ON-OFF cycle 

(Ts =Ton +Toff ). 
○ Switching Frequency (fs ): The inverse of the switching period (fs =1/Ts ). 

Higher frequencies allow for smaller (and thus cheaper) inductors and 
capacitors in the filter. 

○ Duty Ratio (D): The fraction of the switching period during which the 
switch is ON. 

■ Formula: D=Ton /Ts  (where 0≤D≤1). 
○ By varying D, the average output voltage can be controlled. 
○ Role of L-C Filter: The inductor (L) smooths the current, and the 

capacitor (C) smooths the voltage, ensuring a relatively ripple-free DC 
output despite the pulsed nature of the voltage and current at the 
switch. 

● 1. Buck Converter (Step-Down Chopper): 
○ Function: Converts a higher input DC voltage to a lower, controllable DC 

output voltage. 
○ Circuit Diagram: [Imagine a circuit with components laid out linearly: DC 

Input Voltage Source (V_in) -> Power Switch (S, e.g., MOSFET) -> 
Inductor (L) -> Load (R). A Freewheeling Diode (D) is connected from the 



 

junction of S and L to the ground reference, bypassing the switch. A 
Capacitor (C) is connected in parallel with the Load (R).] 

○ Principle of Operation (Continuous Conduction Mode - CCM): Assumes 
inductor current never drops to zero. 

■ Mode 1: Switch ON (0<t≤Ton ): 
■ The switch (S) is closed. 
■ The input voltage Vin  is applied across the series 

combination of L and the output (Vo ). 
■ The diode (D) is reverse-biased (since Vin >Vo ). 
■ Inductor current (iL ) increases linearly: VL =Vin −Vo . Since 

VL =L(diL /dt), diL /dt=(Vin −Vo )/L. Energy is stored in L. 
■ The capacitor C charges, and the load R is supplied by Vin  

via L and C. 
■ Mode 2: Switch OFF (Ton <t≤Ts ): 

■ The switch (S) opens. 
■ The inductor's current (iL ) tries to maintain its path. The 

inductor's polarity reverses, forward-biasing the 
freewheeling diode (D). 

■ The inductor current flows through D, C, and R, 
transferring stored energy to the load and capacitor. 

■ Inductor current decreases linearly: VL =−Vo . So, 
diL /dt=−Vo /L. 

■ The capacitor provides current to the load to maintain a 
smooth output voltage. 

○ Output Voltage Equation (Ideal, CCM): In steady state, the average 
voltage across the inductor over one complete switching cycle must be 
zero (Volt-second balance). ∫0Ts  VL (t)dt=0 (Vin −Vo )×Ton +(−Vo )×Toff =0 
Vin Ton −Vo Ton −Vo Toff =0 Vin Ton =Vo (Ton +Toff ) Vin Ton =Vo Ts  
Vo =Vin (Ton /Ts ) Since D=Ton /Ts : Vo =D×Vin  

■ Interpretation: The output voltage is directly proportional to the 
duty ratio. Since 0≤D≤1, the output voltage Vo  will always be less 
than or equal to the input voltage Vin , hence "step-down." 

○ Conduction Modes (Brief): 
■ Continuous Conduction Mode (CCM): The current through the 

inductor (iL ) remains positive and never drops to zero throughout 
the entire switching cycle. This is the normal and desired mode 
of operation for most applications as it provides better voltage 
regulation. 

■ Discontinuous Conduction Mode (DCM): The inductor current 
drops to zero for a certain period within the switching cycle 
before the next cycle begins. This typically occurs at very light 
loads or at very low duty ratios and causes the output voltage 
characteristic to deviate from the simple D×Vin  relationship. 

○ Numerical Example 3.3 (Buck Converter): A buck converter operates 
with an input voltage of 60 V and a switching frequency of 100 kHz. If 
the desired output voltage is 20 V, calculate: a) The required duty ratio. 
b) The ON-time (Ton ) of the switch. a) Duty Ratio (D): Vo =D×Vin  20 
V=D×60 V D=20/60=1/3≈0.333 b) ON-time (Ton ): First, find the switching 



 

period (Ts ): Ts =1/fs =1/100 kHz=1/(100×103 Hz)=10×10−6 s=10μs. 
D=Ton /Ts ⟹Ton =D×Ts  Ton =(1/3)×10μs≈3.33μs. 

● 2. Boost Converter (Step-Up Chopper): 
○ Function: Converts a lower input DC voltage to a higher, controllable DC 

output voltage. 
○ Circuit Diagram: [Imagine a circuit with components: DC Input Voltage 

Source (V_in) -> Inductor (L) -> Power Switch (S, e.g., MOSFET) 
connected from the inductor's end to ground. A Diode (D) is connected 
from the junction of L and S to the output capacitor (C) and Load (R), 
which are in parallel.] 

○ Principle of Operation (Continuous Conduction Mode - CCM): Assumes 
inductor current never drops to zero. 

■ Mode 1: Switch ON (0<t≤Ton ): 
■ The switch (S) is closed. 
■ The input voltage Vin  is applied directly across the 

inductor (L). 
■ Inductor current (iL ) increases linearly: VL =Vin . So, 

diL /dt=Vin /L. Energy is stored in L. 
■ The diode (D) is reverse-biased by the output capacitor 

voltage Vo . 
■ The load R is supplied solely by the stored energy in the 

output capacitor C. 
■ Mode 2: Switch OFF (Ton <t≤Ts ): 

■ The switch (S) opens. 
■ The inductor current (iL ) cannot instantly change. The 

inductor's voltage polarity reverses to maintain current, so 
its voltage adds to Vin . 

■ The combined voltage (Vin +VL ) forward-biases the diode 
(D). 

■ Current flows from Vin  through L and D to charge the 
capacitor C and supply the load R. 

■ Inductor current decreases linearly: VL =Vin −Vo . So, 
diL /dt=(Vin −Vo )/L. 

■ Energy stored in L is transferred to C and R. The output 
capacitor ensures smooth output voltage. 

○ Output Voltage Equation (Ideal, CCM): Again, apply volt-second balance 
across the inductor: ∫0Ts  VL (t)dt=0 Vin ×Ton +(Vin −Vo )×Toff =0 
Vin Ton +Vin Toff −Vo Toff =0 Vin (Ton +Toff )=Vo Toff  Vin Ts =Vo Toff  Since 
Toff =Ts −Ton =Ts (1−Ton /Ts )=Ts (1−D): Vin Ts =Vo Ts (1−D) Vo =Vin /(1−D) 

■ Interpretation: The output voltage is inversely related to (1−D). As 
D approaches 1, (1−D) approaches 0, and Vo  theoretically 
approaches infinity. Thus, the output voltage Vo  is always greater 
than or equal to Vin  (since 0≤D<1), hence "step-up." 

○ Numerical Example 3.4 (Boost Converter): A boost converter has an 
input voltage of 15 V. If the required output voltage is 45 V, calculate the 
duty ratio. Vo =Vin /(1−D) 45 V=15 V/(1−D) 45(1−D)=15 
1−D=15/45=1/3≈0.333 D=1−1/3=2/3≈0.667 The duty ratio required is 
approximately 0.667 (or 66.7%). 



 

● Duty Ratio Control (Control Method for DC-DC Converters): 
○ Mechanism: The output voltage of a DC-DC converter is controlled by 

precisely adjusting the duty ratio (D) of the switching device. This is 
achieved through Pulse Width Modulation (PWM). 

○ A control circuit (often a microcontroller, DSP, or a specialized PWM 
integrated circuit like a 555 timer or a dedicated controller IC) generates 
the gate drive signal for the power switch. 

○ The PWM signal has a constant switching frequency (fs =1/Ts ), but its 
pulse width (Ton ) is varied. 

○ Feedback Loop: In practical converters, a feedback loop is used. The 
output voltage is sensed, compared to a reference voltage, and the error 
signal is used by a controller (e.g., a PI controller) to adjust the duty 
ratio, thereby maintaining the output voltage at the desired level despite 
variations in input voltage or load. 

○ Advantages: Provides smooth, precise, and highly efficient voltage 
regulation. 

● Applications of DC-DC Converters: 
○ Switched-Mode Power Supplies (SMPS): Ubiquitous in virtually all 

electronic devices (computers, laptops, mobile phone chargers, LED 
drivers, gaming consoles). They efficiently convert higher AC mains 
voltage (after rectification to DC) to various lower DC voltages required 
by internal circuits. 

○ Battery Charging and Management Systems: Regulate the voltage and 
current from a power source to charge batteries safely and efficiently. 
Also used to extract power from batteries to supply loads. 

○ Renewable Energy Systems: 
■ Solar PV Systems: Buck-boost or buck converters are used as 

Maximum Power Point Tracking (MPPT) converters to extract the 
maximum available power from solar panels under varying 
irradiance and temperature conditions. 

■ Wind Power: Used to convert variable DC voltage from wind 
turbine rectifiers to a stable DC bus voltage. 

○ Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs): Power 
management between battery packs, motor drives, and auxiliary 
systems. Boost converters often step up the battery voltage to higher 
levels for the motor inverter. 

○ LED Lighting: Buck converters are commonly used as LED drivers to 
provide constant current to LEDs, ensuring stable brightness and 
efficiency. 

○ Portable Electronics: Efficiently convert battery voltage to the required 
voltages for microprocessors, displays, and other components, 
maximizing battery life. 

4. DC-AC Converters (Inverters) 

Inverters are power electronic circuits that convert DC power into AC power. This is 
crucial for applications where AC loads need to be powered from DC sources or 
where frequency and voltage control of AC power is required from a DC link. 



 

● General Principle: Inverters use controlled power semiconductor switches to 
rapidly alternate the connection of the DC input voltage across the load in a 
specific sequence, thus synthesizing an AC output waveform. 

● 1. Single-Phase Voltage Source Inverter: 
○ Function: Converts a fixed DC input voltage into a single-phase AC 

output voltage, whose magnitude and frequency can be controlled. 
○ a) Half-Bridge Inverter: 

■ Circuit Diagram: Requires two power switches (S1, S2, e.g., 
IGBTs/MOSFETs) connected in series across the DC input 
voltage (Vdc ). Two large capacitors (C1, C2) are connected in 
series across Vdc  to create a split DC bus, providing a neutral 
point for the load connection. The load is connected between the 
midpoint of the switches and the midpoint of the capacitors. 

■ Principle of Operation (Square Wave Output): 
■ Interval 1 (0 to T/2): Switch S1 is turned ON, and S2 is OFF. 

The load is connected across the upper capacitor, 
resulting in an output voltage Vo =+Vdc /2. 

■ Interval 2 (T/2 to T): Switch S2 is turned ON, and S1 is OFF. 
The load is connected across the lower capacitor, 
resulting in an output voltage Vo =−Vdc /2. 

■ A small "dead time" (both switches OFF) is introduced 
between switching transitions to prevent a shoot-through 
(short circuit) across the DC bus. 

■ Output Voltage Waveform: A square wave with peak amplitude 
±Vdc /2. 

■ Advantages: Simpler control, fewer switches than full-bridge. 
■ Disadvantages: Requires a split DC supply (or two large 

capacitors), output voltage limited to half the DC input, high 
harmonic content in the square wave output. 

○ b) Full-Bridge Inverter (H-Bridge): 
■ Circuit Diagram: Consists of four power switches (S1, S2, S3, S4, 

e.g., IGBTs/MOSFETs) arranged in an 'H' configuration across the 
single DC input voltage (Vdc ). The load is connected between the 
midpoint of the left leg (between S1 and S2) and the midpoint of 
the right leg (between S3 and S4). 

■ Principle of Operation (Square Wave Output): 
■ To obtain positive output (+Vdc ): Switches S1 and S4 are 

turned ON simultaneously. Current flows from Vdc  
through S1, the load, and S4 back to the negative terminal 
of Vdc . Output voltage across the load is +Vdc . 

■ To obtain negative output (−Vdc ): Switches S2 and S3 are 
turned ON simultaneously. Current flows from Vdc  
through S2, through the load in the reverse direction, and 
S3 back to the negative terminal of Vdc . Output voltage 
across the load is −Vdc . 

■ Again, dead time is crucial between switching states to 
prevent short circuits. 



 

■ Output Voltage Waveform: A square wave with peak amplitude 
±Vdc . 

■ Advantages: Utilizes the full DC input voltage, no need for split 
DC supply, higher power output capability than half-bridge for the 
same DC voltage. 

■ Disadvantages: Requires more switches (four vs. two), square 
wave output still contains significant harmonics. 

○ Harmonic Content of Square Wave Output: 
■ A pure square wave is composed of a fundamental sinusoidal 

frequency and an infinite series of odd harmonics (3rd, 5th, 7th, 
9th, etc.). The amplitude of the nth harmonic is 1/n times the 
fundamental. 

■ These harmonics are undesirable as they cause: 
■ Increased losses in inductive loads (like motors) due to 

eddy currents and hysteresis. 
■ Increased audible noise. 
■ Electromagnetic interference (EMI) with other electronic 

equipment. 
■ Voltage and current distortions in the supply system. 

■ Therefore, methods to reduce harmonics are crucial. 
● 2. Sinusoidal Pulse Width Modulation (SPWM): 

○ Concept: A sophisticated modulation technique used in inverters to 
generate an output voltage that more closely approximates a pure sine 
wave, thereby significantly reducing harmonic content and allowing 
precise control over output voltage magnitude and frequency. 

○ Mechanism (Carrier-Based PWM): 
■ Reference Wave: A low-frequency sinusoidal wave, representing 

the desired output voltage and frequency. Its amplitude (or peak 
value, Am ) determines the output voltage magnitude. Its 
frequency (fm ) determines the output frequency. 

■ Carrier Wave: A high-frequency triangular (or sawtooth) wave, 
which sets the switching frequency (fc ). 

■ Comparison: The instantaneous value of the sinusoidal reference 
wave (Vref ) is continuously compared with the instantaneous 
value of the triangular carrier wave (Vcarrier ). 

■ Pulse Generation: 
■ If Vref >Vcarrier , the inverter switch (or an appropriate pair 

of switches in a bridge) is turned ON. 
■ If Vref <Vcarrier , the inverter switch is turned OFF. 

■ This process generates a train of variable-width pulses. The 
width of these pulses is wider when the sine wave amplitude is 
high (near its peak) and narrower when it's low (near zero 
crossings). 

○ Advantages of SPWM for Harmonic Reduction and Control: 
■ Near-Sinusoidal Output: The rapid and variable-width switching 

effectively approximates a sine wave. The average value of the 
pulsed voltage over each switching cycle tracks the sinusoidal 



 

reference, pushing the unwanted harmonics to high frequencies 
(multiples of the switching frequency). 

■ Reduced Lower-Order Harmonics: SPWM effectively eliminates 
or significantly reduces the problematic lower-order harmonics 
(3rd, 5th, 7th, etc.) that are prominent in square-wave outputs. 

■ Voltage Magnitude Control: The RMS output voltage can be 
continuously controlled by varying the amplitude of the 
sinusoidal reference wave, which is quantified by the Modulation 
Index (ma ): 

■ Formula: ma =Am /Ac  (where Am  is peak amplitude of 
reference wave, Ac  is peak amplitude of carrier wave). For 
linear operation, 0≤ma ≤1. 

■ Output Voltage Relationship: For a full-bridge inverter, the 
RMS output fundamental voltage is approximately 

Vo(RMS) =ma ×(Vdc /2  ). 
■ Output Frequency Control: The output AC frequency is precisely 

controlled by changing the frequency of the sinusoidal reference 
wave (fm ). 

■ Easier Filtering: Since the dominant harmonics are shifted to 
very high frequencies (the switching frequency and its multiples), 
they are much easier to filter out using smaller, more 
cost-effective inductors and capacitors at the output. 

○ Numerical Example 4.2 (SPWM Inverter Output): A single-phase 
full-bridge inverter operates from a 400 V DC input. If it uses SPWM with 
a modulation index of 0.8 to generate a sinusoidal AC output, calculate 
the approximate RMS value of the fundamental output voltage. 

■ Vo(RMS) =ma ×(Vdc /2  ) 

■ Vo(RMS) =0.8×(400 V/2  ) 
■ Vo(RMS) =0.8×(400/1.414)≈0.8×282.84≈226.27 V. 

● 3. Three-Phase Voltage Source Inverter: 
○ Basic Topology: 

■ Consists of three "legs," each containing two power 
semiconductor switches (e.g., IGBTs/MOSFETs) connected in 
series across the DC input voltage (Vdc ). An anti-parallel diode is 
typically connected across each switch to allow for reactive 
current flow. 

■ The three output phases (A, B, C) are taken from the midpoints of 
these three legs. The load is usually a three-phase motor or a 
connection to a three-phase grid. [Imagine three vertical 



 

"half-bridges" (S1/S2, S3/S4, S5/S6) connected in parallel across 
the DC supply. Output lines A, B, C originate from the junction 
between the top and bottom switches of each half-bridge.] 

○ Six-Step Operation (Brief Overview): 
■ This is the simplest control method for a three-phase inverter, 

generating a quasi-square wave output. 
■ Switching Pattern: At any instant, three switches are ON to 

complete the circuit for the three phases. The switches are 
turned ON and OFF in a specific sequence, with each switch 
conducting for 180∘ of the fundamental output cycle. 

■ The gating signals for the top and bottom switches in a leg are 
complementary (e.g., if S1 is ON, S2 is OFF, and vice-versa, with 
dead time). 

■ The switching states are phase-shifted by 60∘ electrical degrees 
between each leg (e.g., if S1 turns on at 0∘, S3 turns on at 60∘, S5 
turns on at 120∘). 

■ Output Waveform: The line-to-line output voltage (e.g., VAB ) is a 
six-step waveform, and the phase-to-neutral voltage (e.g., VAN ) is 
a quasi-square waveform. 

■ Harmonic Content: While simpler to implement, six-step 
operation produces significant low-order harmonics (primarily 
5th, 7th, 11th, 13th, etc.) in the output voltage, making it 
unsuitable for applications requiring very high power quality. 

■ Modern Approach: Most modern three-phase inverters utilize 
advanced PWM techniques (like Space Vector Pulse Width 
Modulation (SVPWM), which is an optimized form of SPWM) to 
achieve much lower harmonic distortion, better DC bus 
utilization, and superior dynamic performance. 

● Applications of DC-AC Converters (Inverters): 
○ Adjustable Speed Motor Drives (Variable Frequency Drives - VFDs): The 

most significant application. Inverters convert fixed frequency AC mains 
(rectified to DC) into variable voltage, variable frequency AC power to 
precisely control the speed, torque, and efficiency of AC motors 
(induction and synchronous motors). Found in industries from 
manufacturing to HVAC. 

○ Uninterruptible Power Supplies (UPS): Convert DC power from batteries 
into clean, reliable AC power to provide continuous electricity to critical 
loads (e.g., computers, servers, medical equipment) during utility power 
outages or fluctuations. 

○ Renewable Energy Integration: 
■ Solar PV Inverters: Convert the DC electricity generated by solar 

panels into grid-compatible AC power for residential, 
commercial, or utility-scale systems. 

■ Wind Power Inverters: Convert the variable frequency AC (or 
rectified DC) output from wind turbines into grid-frequency AC 
power. 



 

○ Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs): The traction 
inverter converts the high-voltage DC from the battery pack into variable 
voltage, variable frequency AC to drive the electric motor(s). 

○ Grid-Tied Systems: Inverters play a crucial role in connecting 
distributed generation sources (like solar PV, fuel cells) to the main 
power grid. 

○ Induction Heating and Welding: High-frequency inverters are used to 
generate the high-frequency AC currents required for these processes. 

○ HVDC (High-Voltage Direct Current) Transmission: At the receiving end 
of an HVDC transmission line, inverters convert the transmitted DC 
power back into AC power for integration into the conventional AC grid. 

 

Activities/Assessments: 

To ensure active learning, reinforce theoretical concepts, and provide practical 
application opportunities, the following activities and assessments are designed: 

● Diagram Labeling Exercises for Converter Topologies: 
○ Activity 1.1: You are provided with a blank circuit diagram for a DC-DC 

Buck Converter. Your task is to accurately label all components: the DC 
input voltage source (Vin ), the power switch (S), the freewheeling diode 
(D), the inductor (L), the output capacitor (C), and the load (R). 
Additionally, draw arrows to indicate the direction of current flow 
through each component during both the "Switch ON" and "Switch 
OFF" states. 

○ Activity 1.2: Given a blank circuit diagram of a single-phase Full-Bridge 
Inverter (H-Bridge), correctly label the DC input voltage (Vdc ), all four 
power switches (S1, S2, S3, S4), and the AC load. Indicate which pairs of 
switches must be ON for the output voltage to be positive, and which 
pairs for it to be negative. 

○ Activity 1.3: Examine a basic circuit diagram of a three-phase Voltage 
Source Inverter. Label the DC input (Vdc ) and the three output phases 
(A, B, C). Identify the individual power switches (S1 to S6) and explain 
the concept of complementary switching within each leg. 

● Calculations Involving Duty Ratio and Output Voltage: 
○ Exercise 2.1 (Buck Converter Analysis): A buck converter is supplied 

with a DC input voltage of 75 V. It operates at a switching frequency of 
80 kHz. a) If the desired output voltage is 30 V, calculate the required 
duty ratio (D) for continuous conduction mode. b) Based on the 
calculated duty ratio and switching frequency, determine the duration 
for which the switch is ON (Ton ) and OFF (Toff ) in each switching cycle. 

○ Exercise 2.2 (Boost Converter Analysis): A boost converter is used to 
step up a 24 V DC source to 60 V DC. a) Determine the duty ratio (D) 
required for this conversion. b) If the load draws a constant power of 50 
W and the converter has an efficiency of 92%, calculate the average 
input current drawn from the 24 V source. 



 

○ Exercise 2.3 (SPWM Inverter Design): A single-phase full-bridge inverter 
is connected to a 350 V DC input. It is controlled using SPWM. a) What is 
the maximum possible peak AC output voltage (fundamental 
component) that this inverter can produce in linear modulation (ma =1)? 
b) If the inverter is required to produce an RMS sinusoidal output 
voltage of 220 V, calculate the necessary modulation index (ma ). c) If the 
switching frequency (carrier frequency) is 10 kHz and the desired output 
frequency is 50 Hz, how many pulses are there in one half-cycle of the 
output voltage? (Assume 1 pulse per carrier cycle in half-bridge, or 2 
pulses per carrier cycle in full-bridge for bipolar SPWM). 

● Animations or Simulations Illustrating Converter Waveforms: 
○ Activity 3.1: Utilizing an available online simulator or dedicated power 

electronics simulation software, set up a basic DC-DC Boost Converter. 
Observe and sketch the input voltage, output voltage, inductor current, 
and switch voltage waveforms. Describe how the inductor current 
behaves during the ON and OFF states of the switch, and how this 
contributes to voltage step-up. 

○ Activity 3.2: Access an animation or simulation demonstrating the 
operation of a single-phase Full-Bridge Inverter using Sinusoidal Pulse 
Width Modulation (SPWM). Compare the detailed output voltage 
waveform (showing individual pulses) with the ideal sinusoidal 
reference. Explain how the varying pulse widths synthesize the 
fundamental sine wave and where the higher-order harmonics are 
located in the frequency spectrum (conceptually). 

● Comparison of Different Converter Types and Their Applications: 
○ Activity 4.1: Develop a comprehensive comparison table for DC-DC 

Buck Converters and DC-DC Boost Converters. Your table should 
include distinct rows for: 

■ Primary Voltage Transformation (Step-Up/Step-Down) 
■ Relative Placement of Inductor and Switch (Series/Shunt) 
■ Energy Storage Element (Main) 
■ Relationship between Output Voltage and Duty Ratio Equation 
■ Conduction Mode Considerations (CCM/DCM) 
■ Typical Applications 

○ Activity 4.2: Discuss, in a short essay (approx. 200 words), the 
fundamental reasons why Pulse Width Modulation (PWM), particularly 
SPWM, has become the dominant control strategy for modern inverters, 
especially when compared to simple square-wave switching. Focus on 
its advantages related to output waveform quality, harmonic content, 
and control flexibility. 

○ Activity 4.3: List and briefly describe three distinct application areas for 
DC-DC Converters and three distinct application areas for DC-AC 
Converters (Inverters), providing specific examples for each. 

● Module Quiz: A comprehensive assessment designed to evaluate mastery of 
all learning objectives. It will incorporate a variety of question formats: 

○ Multiple-Choice Questions: Covering definitions, fundamental 
principles, device characteristics, and functional roles of components. 



 

○ Short Answer/Explanation Questions: Requiring detailed descriptions of 
operating principles, derivations, advantages/disadvantages, and 
comparisons. 

○ Circuit Diagram Interpretation: Questions based on converter circuit 
diagrams, requiring identification of components, current paths, or 
output waveforms. 

○ Numerical Problem Solving: Applying formulas to calculate output 
voltages, duty ratios, currents, and fundamental harmonic components 
for various converter topologies. 

○ Application-Based Scenarios: Presenting real-world problems and 
asking learners to propose suitable converter types and justify their 
choices. 
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