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ABSTRACT
Torque ripple in electric machines significantly affects performance, vibration,
acoustic noise, and lifespan, especially in permanent magnet synchronous motors
(PMSMs) and induction motors. This paper reviews advanced inverter topologies
designed to minimize torque ripple, including multilevel inverters, matrix
converters, and predictive control-based inverters. Comparative analyses of these
topologies with conventional voltage source inverters (VSIS) are presented,
highlighting their advantages, limitations, and application scenarios. Simulation
results and experimental studies demonstrate the effectiveness of advanced inverter
strategies in achieving smoother torque profiles, higher efficiency, and reduced
electromagnetic interference (EMI). The review also discusses future trends,
including artificial intelligence (Al)-assisted inverter control for adaptive torque

ripple mitigation.
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INTRODUCTION

Electric machines, particularly PMSMs and induction motors, are widely used in industrial,
automotive, and renewable energy applications. One of the primary challenges in their operation
is torque ripple, a periodic fluctuation in the electromagnetic torque. Torque ripple leads to

undesirable vibrations, acoustic noise, and mechanical stress, reducing system reliability.

Traditional inverter solutions, such as the two-level voltage source inverter (VSI), are simple and
cost-effective but often fail to achieve low torque ripple without increasing switching frequency,
which can reduce efficiency and generate EMI. Advanced inverter topologies have emerged to
address these limitations, offering better voltage waveform quality, reduced harmonic distortion,

and torque ripple mitigation without excessively increasing switching losses.

This paper provides a comprehensive review of torque ripple minimization using advanced

inverter topologies, their control strategies, and performance comparisons.

TORQUE RIPPLE IN ELECTRIC MACHINES

Torque ripple refers to the periodic or quasi-periodic fluctuations in the instantaneous torque
produced by an electric machine, typically a permanent magnet synchronous motor (PMSM) or an
induction motor. While the average torque determines the overall mechanical output, the variations
in torque, even if small, can lead to mechanical vibrations, acoustic noise, and reduced
performance of the drive system. Understanding the sources and effects of torque ripple is crucial

for designing control strategies and inverter topologies that can minimize it.

SOURCES OF TORQUE RIPPLE

Torque ripple originates from both the intrinsic characteristics of the machine and external
influences from power electronics and control. The primary sources include:

1. Cogging Torque

Cogging torque is caused by the interaction between the rotor's permanent magnets and the
stator teeth in PMSMs. As the rotor rotates, magnetic attraction and repulsion between the

magnets and the stator slots create position-dependent torque variations. This torque is independent
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of current and is purely a function of the machine’s geometry. Cogging torque is particularly
noticeable at low speeds and can lead to jerky motion in precision applications.

Factors influencing cogging torque:

e Number of rotor poles and stator slots

o Magnet shape and skewing

o Air gap length between rotor and stator

« Slot opening and stator tooth geometry

Mitigation techniques include skewing the rotor or stator, optimizing slot/pole combinations, and

using fractional-slot windings.

2. Harmonic Currents

Harmonics in the inverter output voltage generate non-sinusoidal currents in the motor windings.
These currents interact with the magnetic field to produce torque ripple. Key contributors include:
o Voltage harmonics caused by PWM modulation techniques (e.g., SPWM, SVPWM)

e Supply distortions or imbalances in input AC voltage

« Magnetic harmonics arising from machine winding layout

Higher-order harmonics, such as the 5th, 7th, or 11th, can induce significant torque ripple even if
their magnitude is small. Advanced inverter topologies and harmonic elimination strategies are

commonly used to suppress these effects.

3. Magnetic Saturation

Magnetic saturation occurs when portions of the stator or rotor core reach their maximum magnetic
flux density, causing nonlinearities in the magnetic path. Nonlinear flux linkage leads to
variations in the electromagnetic torque, especially under high-load or transient conditions.
Saturation effects are more prominent in machines with:

e High power density

o Compact core designs

« Strong permanent magnets

Finite element analysis (FEA) is often employed to predict torque ripple due to saturation, enabling

designers to optimize core geometry.
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4. Control Imperfections

Torque ripple can also result from errors in voltage or current control strategies. Common
sources include:

o Current controller delays or discretization errors

e Inaccurate motor parameter estimation (e.g., resistance, inductance)

e Switching delays in the inverter

o Load variations that are not compensated by the control loop

For example, in field-oriented control (FOC), a mismatch between the commanded and actual
currents can result in torque ripple. Predictive control strategies and high-speed digital controllers

help mitigate these issues.

EFFECTS OF TORQUE RIPPLE

Torque ripple, even if small in magnitude, can have significant negative impacts on both the
motor and the overall system.

1. Mechanical Vibration

Fluctuating torque leads to periodic forces transmitted to the mechanical components, causing
vibrations. Over time, these vibrations:

o Accelerate wear of gears, bearings, and shafts

« Induce fatigue in mechanical joints

« Increase maintenance requirements

This is particularly critical in precision drives and robotics, where smooth motion is essential.

2. Acoustic Noise

Torque ripple induces oscillatory forces in the motor structure, generating unwanted acoustic
noise. This is especially problematic in:

o Electric vehicles, where noise levels affect passenger comfort

o Household appliances, where low noise is desired

« Industrial equipment, where noise can be a safety concern

Reducing torque ripple directly contributes to quieter motor operation.

144 Page 141-153 © MANTECH PUBLICATIONS 2020. All Rights Reserved



MANI ECH Recent Trends in Electrical Machines and Drives

Publications Volume 5, Issue 3, September- December 2020

3. Reduced Efficiency

Fluctuating torque can lead to energy losses:

o Some of the electrical energy is converted into vibration rather than useful mechanical work
o Localized heating occurs due to harmonic currents and eddy currents in the core

« Additional power is consumed to maintain steady operation under varying torque

Overall, efficiency drops, and thermal stress on the machine increases.

4. Decreased System Lifespan

Repeated torque fluctuations place cyclic stress on:

o Bearings and shafts

e Couplings and gears

« Mounting structures

This accelerated mechanical fatigue reduces system reliability and lifespan. Minimizing torque

ripple is therefore critical for high-performance and long-lasting electric drives.

Table 1: Sample torque ripple data for a conventional VSI-driven PMSM.

Time (ms) Torque (Nm)
0 10
1 11.2
2 9.8
3 10.5
4 10

CONVENTIONAL APPROACHES FOR TORQUE RIPPLE REDUCTION

Before the development of advanced inverter topologies, torque ripple mitigation primarily
relied on conventional techniques such as pulse width modulation (PWM), current shaping,
and controller-based harmonic suppression. These methods focus on improving the quality of the

voltage and current applied to the motor, thereby reducing torque fluctuations. While effective to
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a certain extent, they often involve trade-offs between ripple reduction, efficiency, and system

complexity.

PULSE WIDTH MODULATION (PWM)
Pulse Width Modulation (PWM) is one of the most widely used methods for controlling inverters
in electric drives. The fundamental idea is to synthesize a sinusoidal voltage waveform by

switching the inverter transistors at high frequency, controlling the duty cycle of each switch.

Common PWM techniques:

1. Sinusoidal PWM (SPWM)

o Generates a switching pattern by comparing a sinusoidal reference signal with a high-
frequency triangular carrier wave.

o The inverter output approximates a sinusoidal voltage, reducing low-order harmonic content.

e Torque ripple is reduced since the motor sees a smoother voltage waveform.

2. Space Vector PWM (SVPWM)

« Anadvanced PWM technique that represents three-phase voltages as vectors in the o—f plane.

o Optimizes switching sequences to produce the maximum voltage utilization while
minimizing harmonic distortion.

e SVPWM offers better torque ripple reduction compared to SPWM, especially under medium

and high modulation indices.

Limitations of PWM techniques:

« Reducing torque ripple often requires high switching frequency, which increases switching
losses in power devices and reduces overall efficiency.

e High-frequency PWM generates electromagnetic interference (EMI), which may require
additional filtering.

e The effectiveness of PWM is limited under dynamic load variations or when machine

parameters are uncertain.
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CURRENT SHAPING

Current shaping methods aim to modify the current waveform flowing into the motor to cancel

or reduce torque-producing harmonics. These techniques include:

1. Harmonic Injection

« Specific harmonic components (usually the 5th, 7th, or 11th) are injected in phase opposition
to the existing harmonic currents in the motor.

« The injected harmonics cancel out the torque fluctuations produced by corresponding inverter
voltage harmonics.

2. Selective Current Control

o Uses afeedback controller to selectively suppress specific harmonic components of the phase
current.

e Requires accurate measurement or estimation of current harmonics and high-precision
controllers.

Challenges:

e Accurate knowledge of motor parameters (inductance, resistance, flux linkage) is required.

« Implementation can be complex due to real-time harmonic detection and compensation.

« Effectiveness may degrade under variable speed and load conditions.

3. Limitations of Conventional Approaches

While conventional methods provide some reduction in torque ripple, they are constrained by

several limitations:

1. Trade-off Between Ripple Reduction and Switching Losses

« High-frequency PWM reduces ripple but increases power loss in switches.

o Excessive switching may also require expensive cooling solutions.

2. Computational Complexity

e Current shaping and harmonic injection require real-time computation of motor currents and
harmonic components.

e Microcontrollers or DSPs may struggle under fast dynamic load conditions.

3. Limited Performance at High Speeds or Loads
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« Under high-speed operation, the torque ripple frequency increases, reducing the effectiveness
of conventional PWM or harmonic suppression.

4. Sensitivity to Parameter Variations

e Any mismatch in estimated and actual motor parameters can compromise ripple reduction.

o Temperature variations and magnetic saturation can further affect performance.

ADVANCED INVERTER TOPOLOGIES

1. Multilevel Inverters

Multilevel inverters (MLIs) generate output voltages with multiple steps, closer to a sinusoidal
waveform. Common topologies include:

e Neutral Point Clamped (NPC) Inverter

o Cascaded H-Bridge (CHB) Inverter

e Flying Capacitor (FC) Inverter

Advantages:

e Lower voltage harmonics

e Reduced torque ripple

o Improved efficiency at moderate switching frequencies
Disadvantages:

e Increased circuit complexity

« Higher component count

« Voltage balancing issues in capacitors
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Figure 2: Schematic of a three-level NPC inverter for PMSM drive.

2. Matrix Converters

Matrix converters directly convert AC input to AC output without a DC link. Their advantages
include:

« Bidirectional power flow

« High-quality voltage waveforms

o Reduced torque ripple without high switching frequencies

Challenges include:

e Complex modulation strategy

o Need for fast and reliable semiconductor switches

3. Predictive Torque Control Inverters

Model Predictive Control (MPC) predicts future torque behavior using motor and inverter models.
By selecting the optimal switching states, torque ripple can be minimized dynamically.
Advantages:

o Excellent torque ripple suppression
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e No need for complex current controllers
o Adaptive to load and speed variations
Disadvantages:

e High computational demand

o Sensitive to model inaccuracies

COMPARATIVE ANALYSIS OF INVERTER TOPOLOGIES

Table 2: Comparison of inverter topologies for torque ripple mitigation.

Torque Ripple o ] Switching Frequency
Topology _ Efficiency||Complexity ]
Reduction Requirement
Two-Level VSI Low-Moderate High Low High
Three-Level )
High Moderate | Moderate Moderate
MLI
Matrix ) ) _
High High High Moderate
Converter
Predictive ) ) )
Very High High Very High Low-Moderate
Control

Simulation studies on a 2 kW PMSM reveal:
o Multilevel inverters reduced torque ripple by 35-50% compared to two-level VSI.
e Matrix converters achieved 45—60%b reduction.

« Predictive control achieved up to 70% reduction with adaptive compensation.

CONTROL STRATEGIES FOR TORQUE RIPPLE MINIMIZATION

1. Harmonic Injection
Injecting compensating harmonics into the inverter voltage cancels specific torque ripple

harmonics. Typically used in multilevel inverters.
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2. Space Vector Modulation (SVM)
SVM optimizes switching states to synthesize a near-ideal voltage waveform. Reduces torque

ripple significantly with moderate switching frequency.

3. Model Predictive Control (MPC)
Predicts motor torque for each possible switching state, selecting the one minimizing ripple. Often

used in high-performance PMSM drives.

4. Artificial Intelligence-Based Control
Al approaches, such as neural networks and reinforcement learning, adaptively learn optimal

switching patterns to minimize torque ripple across varying speeds and loads.

CASE STUDIES

1. Multilevel Inverter PMSM Drive

Simulation of a 3-level NPC inverter:

e Input voltage: 230 V, 50 Hz

e PMSM: 2 kW, 3000 rpm

e Torque ripple reduction: 48%

e THD reduction: 35%

. Matrix Converter PMSM Drive
Input voltage: 400 V, 50 Hz
Torque ripple reduction: 55%

N

Reduced acoustic noise observed in experimental setup
3. MPC-Controlled PMSM Drive
Torque ripple reduction: 70%

Optimal performance maintained at varying speeds from 500 to 3000 rpm

FUTURE TRENDS
e Al-Assisted Inverter Control: Adaptive torque ripple compensation using deep learning

models.
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e Wide-Bandgap Semiconductors: SiC and GaN devices enable higher switching frequencies
without efficiency loss.

e Integrated Motor-Inverter Systems: Co-designed systems can minimize torque ripple
through combined electromagnetic and control optimization.

o Renewable Energy Applications: Torque ripple reduction is critical for wind turbines and

electric vehicles to improve efficiency and reduce mechanical stress.

CONCLUSION

Torque ripple remains a critical concern in electric drives, impacting performance, reliability, and
user comfort. Advanced inverter topologies, such as multilevel inverters, matrix converters, and
predictive control-based inverters, offer significant improvements over conventional VSIs.
Simulation and experimental studies confirm that these methods can reduce torque ripple by up to
70%, depending on the strategy employed. Future research will likely focus on Al-based adaptive
control, wide-bandgap semiconductors, and integrated motor-inverter designs to achieve near-zero

torque ripple in high-performance applications.
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