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There are some phenomena that affect electric vehicle performance. One of those phenomena is the torque ripple
of electric motors, which interferes with traction and the suspension system (causing vibration that stresses this

system), and it can also introduce electric current harmonics into the battery, reducing its life, since torque ripple is
partly a consequence of non-sinusoidal back EMF. For those reasons this is a topic worth investigating. The torque

ripple of permanent magnets (PM) motors can be reduced in design or through control.

torque ripple cogging torque air-gap flux density back EMF

| 1. Introduction

Torque ripple is one of the undesired, but inherent, properties in motors with permanent magnets. The main causes
of torque ripple are non-ideal back EMF waveforms, saturation of the machine’s magnetic circuit, and cogging
torque . Cogging torque appears because of the attraction between rotor’s permanent magnets and stator teeth,
since they are made with ferromagnetic materials. When the magnet aligns with the maximum amount of stator
teeth, the reluctance seen by the magnet flux is minimized, but increases as the rotor turns and the magnets move
[, The increase of reluctance produces a force that tries to return the magnet back to alignment, and as a resuilt,
the instantaneous torque varies periodically in time 2. This effect is especially important at low speed; at higher
speed, inertia helps to minimize the drawbacks of cogging torque because the tendency of the rotor to move
becomes considerably stronger than the attraction between the magnets and stator teeth, so that the effects of

cogging torque in the motor’s performance are decreased, although the cogging is still present.

The saturation of machine’s magnetic circuit is a less common source of torque ripple, since it is almost always
avoided in designs because of the additional problems that it brings. Saturation may increase torque fluctuations
because not all the magnetic flux can pass through the path it should, so it has to move further in the airgap to find
a way back to the magnet. In that process, the airgap flux density distribution is affected, and since airgap flux
density is directly related to torque, higher fluctuations appear. In the literature revision, only one of the reviewed
articles (the first cited one) mentions the saturation of machine’s magnetic circuit, and its solution is briefly
explained. However, it is important to take account of every possible cause of torque ripple to design better

solutions.

In contrast, non-ideal back EMF waveforms are an important cause of torque ripple. Due to the magnet flux

crossing the air gap, a voltage is induced in stator coils, and because of the rotor and stator geometric variables,
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the waveform of the induced voltage is usually not sinusoidal. This means that the back EMF has harmonics that
interfere with the torque production. For its nature, this source of torque ripple is very hard to eliminate without
affecting the machine’s performance, especially the output torque, but it can be decreased to acceptable levels

while keeping the machine’s design parameters near to ideal.

In recent research on the innovations and design methodologies of permanent magnets motors, it was found that
cogging torque and torque ripple reduction are topics that have been frequently investigated. Papers such as 24
show the relevance of better motor designs and the advances in this field, respectively, while & considers the
effect of torque ripple in the suspension system of electric vehicles and @ considers the consequences of motor’s
non-sinusoidal back EMF on electric vehicle battery performance. However, control techniques for reducing torque
ripple are more commonly reviewed and compared than design methods, although there are a wide range of

innovations in this field.

Control methods are preferred when the machine is already designed and optimized, and trying to reduce torque
ripple by modifying the geometry could affect the desired performance. Additionally, design methods may
complicate the manufacturing process and, hence, increase costs. The operating principle in the control methods is
commonly the injection of current harmonics on top of the operating currents. This can be made by current

reference-based methods, parameter-based methods, and adaptive methods .

Nonetheless, reducing torque ripple through control requires extra circuitry, which leads to higher risk of failure and
more need of maintenance, and it also requires specialized personnel. When designing a motor, the requirements
of the application should be considered, so that the best torque ripple reduction method is used, be it through

design or control.

| 2. Torque Ripple Reduction Design Methods

There are several options for reducing torque ripple, depending on the cause of it, such as geometry optimization,
specific slot/pole combinations, or stator winding type. Once the source of ripple is found and understood, the
optimal method or combination of methods to reduce it should be applied. Table 1 summarizes some relevant
information about various design methods to reduce the torque ripple of rotor PM machines, including a couple for

stator PM machines.

Table 1. Relevant data of the revised torque ripple reduction design techniques.
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design to reduce torque ripple of IPM motor with radial based function meta-model considering
design sensitivity analysis. J. Mech. Sci. Technol. 2019, 33, 3955-3961.
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