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Abstract

Hybrid Excitation Synchronous Machines (HESMs) represent a progressive stride in the evolution of
electric machinery, combining the benefits of permanent magnet (PM) and electrically excited
synchronous machines to offer adjustable magnetic flux capabilities. This paper provides an in-depth
exploration of HESMs, focusing on the opportunities they present in enhancing operational efficiency,
performance, and sustainability across a myriad of applications. Concurrently, it addresses the
challenges inherent in their development, including design complexity, control system intricacies, and
thermal management issues. Through a comprehensive analysis, this study aims to shed light on the
potential of HESMs to revolutionize industries reliant on electric machines and to chart a path forward
amidst the obstacles.
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Introduction

The quest for more efficient, reliable, and versatile electric machines has led to the
development of Hybrid Excitation Synchronous Machines. HESMs synergize the high-
efficiency operation of PM machines with the flexibility and reliability of electrically excited
machines, offering a promising solution to the dynamic demands of modern applications
such as electric vehicles (EVs), renewable energy generation, and industrial drives. This
paper outlines the technological advancements, opportunities for application, and the
challenges faced in the integration and widespread adoption of HESMs.

Objective
The main objective of this study is to understand the Opportunities and Challenges in Hybrid
Excitation Synchronous Machines.

Hybrid Excitation Synchronous Machines (HESMs)

Hybrid Excitation Synchronous Machines (HESMSs) represent an advanced class of electric
machines that combine the features of both permanent magnet and electrically excited
synchronous machines. They are designed to offer a blend of high efficiency, excellent
performance across a wide range of speeds, and controllable magnetic flux. The use and
components of HESMs make them particularly suited for applications requiring variable
speed and high efficiency, such as in automotive (especially electric and hybrid vehicles),
aerospace, industrial drives, and renewable energy systems.

Fig 1 (A & B): Hybrid excitation synchronous machine, highlighting its internal components
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Components of HESMs

Permanent Magnets: Positioned in the rotor, these provide
a constant magnetic field. The use of permanent magnets
contributes to the machine's high efficiency and power
density.

Electric Coils (Excitation Windings): Also located in the
rotor or stator, depending on the design. These coils allow
for the adjustment of the magnetic field strength within the
machine, enabling flux control for optimized performance
across different operating conditions.

Rotating Shaft: The central part of the rotor, which is
mechanically connected to the load. The shaft's rotation,
driven by the magnetic interaction between the stator and
rotor, is used to perform mechanical work.

Stator Windings: These are coils placed in the stator,
through which alternating current flows to create a rotating
magnetic field. This interacts with the magnetic field of the
rotor to produce torque.

Electronic Modules (Power Electronics): Control the flow
of electrical energy to the stator and excitation windings.
They play a critical role in managing the machine's
performance, including starting, running, and speed control.

Opportunities in
Machines (HESMs)
The development of Hybrid Excitation Synchronous
Machines (HESMs) offers a multitude of opportunities that
can significantly impact various sectors including
automotive, renewable energy, aerospace, and industrial
applications. The inherent design of HESMs, which
combines the advantages of permanent magnet (PM)
synchronous machines and electrically excited synchronous
machines, opens up new horizons for efficiency,
performance, and flexibility. Below is a detailed exploration
of the opportunities presented by HESMs.

Hybrid Excitation Synchronous

Unprecedented Flux Control and Efficiency

HESMs introduce unparalleled flexibility in flux control, a
critical factor in optimizing the efficiency of electric
machines across a wide range of operational conditions.
This dual-excitation approach allows for real-time
adjustment of the machine's magnetic flux according to the
load requirements, minimizing losses and maximizing
efficiency. For electric vehicles (EVSs), this translates into
extended range and lower energy consumption, making EVs
more competitive with conventional internal combustion
engines. In renewable energy applications, such as wind
turbines, HESMs can adapt to varying wind speeds,
maintaining optimal efficiency and maximizing energy
capture.

Enhanced Performance across Diverse Applications

The capability to control magnetic flux dynamically enables
HESMs to deliver superior performance, particularly in
applications requiring variable speed and load conditions.
This attribute is pivotal for industrial machinery and
robotics, where precise control and high torque at low
speeds are essential. HESMs maintain high efficiency and
performance in these scenarios, improving productivity and
reducing operational costs. Moreover, the robustness and
reliability of HESMs under diverse operating conditions
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enhance their suitability for critical applications, including
aerospace and defense, where performance and reliability
are non-negotiable.

Reduction in Rare-Earth Material Dependency

One of the most compelling opportunities offered by
HESMs is the potential reduction in the dependency on rare-
earth materials for permanent magnets. The hybrid
excitation system utilizes both permanent magnets and
electromagnetic windings, allowing for smaller magnets
and, consequently, less rare-earth material without
compromising performance. This approach not only
mitigates the environmental impact associated with the
mining and processing of rare-earth elements but also
addresses the supply chain wvulnerabilities and cost
fluctuations of these materials. As a result, HESMs
contribute to making electric machines more sustainable and
economically viable in the long term.

Improved Safety and Reliability

The dual-excitation nature of HESMs inherently enhances
their reliability and safety. In scenarios where the permanent
magnet's excitation might fail or degrade, the electrically
excited component can maintain operational functionality,
providing a fail-safe mechanism. This redundancy is crucial
for safety-critical systems in automotive and aerospace
applications, where failure can have significant
consequences. Additionally, the adjustable flux capability
allows for better management of thermal stresses and
mechanical forces within the machine, further enhancing its
reliability and lifespan.

Facilitating the Transition to Sustainable Technologies
HESMs play a pivotal role in the global transition towards
sustainable energy and electrification. Their high efficiency
and performance characteristics make them ideal candidates
for replacing traditional fossil fuel-driven systems in various
sectors, thereby reducing greenhouse gas emissions and
enhancing energy security. In the context of the electric
grid, HESMs can improve the integration of renewable
energy sources, contributing to a more resilient and
sustainable energy system.

Challenges in Hybrid Excitation Synchronous Machines
(HESMs)

While Hybrid Excitation Synchronous Machines (HESMs)
offer numerous opportunities for improving efficiency and
performance across various applications, their development
and implementation are not without challenges. These
challenges span the realms of design complexity, cost
considerations, thermal management, and control systems.
Below, we delve into these challenges in detail, exploring
the implications for the broader adoption of HESMs.

Design Complexity and Manufacturing Challenges
HESMs exhibit a significant level of design complexity due
to their dual-excitation system, which combines permanent
magnets with electrically excited windings. This complexity
introduces several challenges:

Intricate Design Requirements: Achieving the optimal
balance between the permanent magnet and electrically
excited components requires precise design and engineering,
demanding extensive simulation and testing to ensure that
the machine operates efficiently across its entire operating
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Manufacturing Precision: The intricate components and
tight tolerances required for HESMs necessitate advanced
manufacturing processes, which can increase the likelihood
of production errors and raise the cost of quality control.

Increased Cost: The advanced materials and sophisticated
components required for HESMs, along with the
complexities involved in their manufacturing, contribute to
higher initial costs compared to traditional electric
machines. Key cost factors include:

High-Performance Materials: The use of high-grade
magnetic materials and specialized electrical steel for the
stators and rotors can significantly impact the overall cost of
HESMs.

Complex Assembly: The assembly process for HESMs is
more labour-intensive and time-consuming due to the
precision required in aligning and integrating the dual-
excitation systems.

Thermal Management

Effective thermal management is a critical challenge for
HESMs, stemming from the heat generated by both the
permanent magnet and electrically excited components. Key
thermal management challenges include:

Heat Dissipation: The hybrid excitation system generates
more heat than systems relying solely on permanent
magnets or electrical excitation, requiring advanced cooling
solutions to prevent overheating and ensure reliable
operation.

Material Sensitivity: Permanent magnets, especially those
made from rare-earth materials, can lose their magnetic
properties at high temperatures, necessitating careful
thermal regulation to maintain performance and longevity.

Advanced Control Systems

The dual-excitation nature of HESMs necessitates
sophisticated control strategies to manage the interaction
between the permanent magnet and electrically excited
components. This complexity presents several challenges:

Dynamic Flux Control: Developing control algorithms that
can dynamically adjust the magnetic flux for optimal
efficiency and performance across various operating
conditions is complex and requires advanced knowledge of
both power electronics and motor control theory.

System Integration: Integrating HESMs with the overall
system, including power electronics and control hardware,
demands a high degree of coordination and can introduce
compatibility issues.

Integration and Packaging: Incorporating HESMs into
applications such as electric vehicles, aerospace systems, or
industrial machinery requires careful consideration of space
constraints and integration requirements:

Size and Weight: Despite their advantages, the added
components in HESMs can lead to increased size and
weight, challenging designers to maintain compactness and
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lightweight without sacrificing performance.

System Compatibility: Ensuring that HESMs seamlessly
integrate  with existing systems and infrastructure,
particularly in retrofit applications, requires overcoming
significant engineering hurdles.

Conclusion

Hybrid Excitation Synchronous Machines (HESMs) present
a transformative approach in the domain of electrical
machines by merging the strengths of permanent magnet
and electrically excited technologies. This combination
yields machines that offer flexible flux control, enhancing
efficiency and adaptability across a range of operating
conditions-a trait particularly beneficial for electric vehicles
and renewable energy systems. The capacity to modulate
magnetic excitation not only improves performance but also
lessens the dependence on rare earth materials, addressing
cost and supply chain concerns.

However, the advancement of HESMs is not without its
challenges. The complexity of integrating dual excitation
sources demands  sophisticated control  strategies,
complicating both design and manufacturing processes.
These complexities increase the hurdles to achieving cost-
effectiveness and reliability at a level that can foster
widespread market acceptance.

Despite these obstacles, the potential of HESMs to
revolutionize efficiency and performance in various
applications makes them a crucial area of focus in electrical
machine research. Success in addressing the challenges of
control, design, and cost could significantly accelerate their
adoption, marking a new era in the evolution of electrical
machines.
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