
Citation: Wang, J.; Wang, D.; Wang,

S.; Tong, T.; Sun, L.; Li, W.; Kong, D.;

Hua, Z.; Sun, G. A Review of Recent

Developments in Permanent Magnet

Eddy Current Couplers Technology.

Actuators 2023, 12, 277. https://

doi.org/10.3390/act12070277

Academic Editor: Shuxiang Dong

Received: 2 June 2023

Revised: 26 June 2023

Accepted: 3 July 2023

Published: 7 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

actuators

Review

A Review of Recent Developments in Permanent Magnet Eddy
Current Couplers Technology
Jiaxing Wang 1, Dazhi Wang 1,* , Sihan Wang 1, Tailai Tong 1, Lisong Sun 1, Wenhui Li 1, Deshan Kong 1,
Zhong Hua 1 and Guofeng Sun 2

1 College of Information Science and Engineering, Northeastern University, Shenyang 110819, China;
2190051@stu.neu.edu.cn (J.W.); 2010257@stu.neu.edu.cn (S.W.); 2210355@stu.neu.edu.cn (T.T.);
2210348@stu.neu.edu.cn (L.S.); 1910244@stu.neu.edu.cn (W.L.); 1910674@stu.neu.edu.cn (D.K.);
2010727@stu.neu.edu.cn (Z.H.)

2 Yantai State Grid, Yantai 264001, China; sgfvsjy@163.com
* Correspondence: prodzw@126.com; Tel.: +86-135-1426-8538

Abstract: Permanent magnet eddy current couplers (PMECCs) have the characteristics of contactless
torque transmission, removal of torque ripple, smooth dynamic process, and adjustable speed, and
can be used as couplings, dampers, brakes, and speed governors. Their applications in industry,
vehicles, and energy fields are gradually expanding. At the same time, the requirements for the torque
density and dynamic performance of PMECCs are increasing. Therefore, a large amount of research
work has focused on the fast and accurate modeling, design, and optimization of PMECCs. This
paper provides a survey on the development of PMECCs technology. The main topics include the
structure and classification of PMECCs, modeling methods, loss and heat transfer analysis modeling,
and optimization design. In addition, this paper shows the future trends of PMECCs research. All the
highlighted insights and suggestions of this review will hopefully lead to increasing efforts toward
the model’s construction and the optimal design of PMECCs for future applications.

Keywords: permanent magnet eddy current couplings (PMECCs); eddy current damper; eddy
current braking; finite element analysis (FEA); analytical analysis; magnetic equivalent circuit (MEC)
model; thermal analysis; optimal design

1. Introduction

PMECCs use an electromagnetic field as the medium of power transmission, and have
the characteristics of contactless torque transmission, removal of torque ripple, smooth
dynamic process, and adjustable speed, and can be used as couplings, dampers, brakes, and
speed governors. Over the past few decades, both academia and industry have witnessed
the rapid development of PMECCs, which have been widely used for high-efficiency, ad-
justable, speed power transmission [1], non-contact braking [2–4], vibration absorption and
damping [5–9], the removal of cogging torque and torque ripple in wind turbines [10–15],
automotive variable flow water pumps [16], the torque-speed characteristic measurement
of electric motors or vehicles [17,18], and even in vehicles as a mechanical differential [19].

The basic structure of PMECCs is shown in Figure 1; usually with a permanent magnet
(PM) rotor on one side and a conductor rotor on the other side, the PM and the conductor
are mounted separately on the back iron, and the two transfer mechanical energy through
non-contact rotation [20,21]. The PMECCs are mainly divided into two types of axial flux
(also known as disk or plate PMECCs) and radial flux (also known as barrel or cylinder
PMECCs) from the structure [22,23], and there are also some special structural designs with
adjustable flux [24–29].
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The PMECCs transmit torque by creating a magnetic field through the eddy currents
induced in the conductor rotor, and generate a large amount of heat while transmitting
torque [30–34]. In particular, when used as a braking device, the heat of the device will
cause the temperature to rise severely, which may lead to the permanent demagnetization
of the PM; so, it is necessary to model the thermal field to facilitate the design of heat
dissipation [35–37]. Therefore, the study of PMECCs is a typical multi-field coupling
problem. Thus, there are large amounts of references focusing on electromagnetic field
(EMF) modeling, thermal analysis, and the optimal design of PMECCs.

Modeling and optimal design is a key issue in the development of and scientific
research on PMECC [32,38–41]. The process of modeling is used to solve the distribution of
the magnetic field and eddy current by establishing the electromagnetic field model and the
thermal model of the corresponding mechanical structure, and then to calculate the output
of torque to evaluate the performance of the PMECC. The optimal design based on the
existing model is used to find the optimal configuration for the required performance, to
improve the efficiency of the device, to reduce the material cost, and to reduce the rotational
inertia [42].

In this paper, rotating eddy current couplers (also known as break, drive, damper,
or retarder) with PM excitation are studied. There are many improved types of devices
using the same operating principle, such as those with linear motion [43–45], those using
electrical excitation [46–49] and hybrid excitation [50], and high-temperature superconduct-
ing materials that make PMs to enhance magnetic fields [51]. On the conductor rotor side,
superconducting materials [48,52–55], ferromagnetic materials [56,57], and PMs [58–65] on
the conductor disk side are used. These structures are out of the scope of this paper.

This paper presents a comprehensive reference study of articles on PMECC from recent
years. The articles are organized as follows. Section 2 describes the operating principle,
structure, and classification of PMECC. Section 3 discusses the numerical and analytical
modeling methods of PMECCs. Section 4 reviews the loss calculation and thermal analysis
of V. Section 5 emphasizes the optimal design of PMECC. Section 6 concludes the whole
paper and gives future research directions for PMECC.

2. Working Principle, Structure, and Classification of PMECCs

In terms of mechanical structure, PMECCs can be divided into axial flux type and
radial flux type. For both axial and radial type, the important part of the PMECC is
composed of a PM rotor and a conductor rotor, which are not in mechanical contact with
each other and are connected to the motor and the load, respectively. The basic structures
of the two types are shown in Figure 1; the PM rotor part consists of PM and back iron, and
the conductor rotor part consists of conductor disk (disc) and back iron. PMs are usually
selected from rare earth magnets such as Nd2Fe14B, which have a high maximum energy
production and high coercivity. The back iron adopts a ferromagnetic material with high
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permeability, e.g., 20 steel (Chinese standard) [66], M-27 steel [67], steel 1010 [68], which
facilitates the establishment of a stronger magnetic field in the air gap. It is well known that
the permeability of ferromagnetic materials has nonlinear characteristics; in other words,
ferromagnetic materials have magnetic saturation. In the available references, some studies
are limited to the study of the linear permeability part of ferromagnetic materials, while
some consider the nonlinear characteristics of materials to be described by the B–H curves
of materials, as shown in Figure 2 for the B–H curves of ferromagnetic materials used in
the PMECC. The PMECCs work by transferring torque from the motor side to the load
side through the air gap, with no connection between the drive side and the load side of
the device. The torque is generated by the interaction between the strong rare-earth PMs
located on one side of the drive and the induced current generated by the relative motion
of the conductors located on the other side. A precise control of torque can be achieved by
varying the air gap length, which results in speed control.
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PMECCs used as speed governors and brakes usually contain adjustable mechanisms.
An adjustable PMECC generally consists of three parts: one is the PM rotor connected to
the load; the second is the conductor rotor connected to the motor, which has a certain
air gap between the two rotating components; the third is an actuator, through which the
length of the air gap between the two rotating components is adjusted to adjust the output
torque to achieve the control of the load output speed. Figure 3a is the actual structure
diagram of the adjustable speed PMECC with an actuator and heat sink. Figure 3b shows
the structure schematic of Figure 3a. The speed-adjustable PMECC is used to achieve speed
control by adjusting the torque. The torque output from the motor to the speed-adjustable
PMECC and the torque output from the speed-adjustable PMECC to the load are equal. In
this way, we can adjust the torque at the output of the motor according to the amount of
torque during the actual operation of the load.

According to the mechanical structure, the PMECCs contain two main basic types
of axial flux and radial flux, in addition to the composite structure that combines both
structures. According to the mounting method of PMs, there are also surface-mounted
and surface-inset types. Reference [1] conducted a comparative study on PMECCs with
different topological structures. On the basis of these basic structures, some new and
improved structures have been developed by optimizing the design of the conductor disk
for slotting or grooving, PM shape, or magnetization direction, as described below.
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Figure 3. A speed-adjustable axial-flux PMECC: (a) actual structure diagram; (b) structure
schematic [69].

2.1. Axial-Flux PMECCs

Axial-flux PMECCs are characterized by a small axial length, large center height, large
rotational inertia, and low alignment requirements. A single-sided structure (consisting of
a PM rotor and a conductor rotor) also has the problem of large axial forces, although a
symmetrical bilateral structure has been used in product design to offset the effects of axial
forces on the input and output shafts [70].

According to the mounting and magnetization mode of PMs on the PM rotor, as
shown in Figure 4, they can be divided into surface-mounted (Figure 4a) and surface-
inset (Figure 4b), where the PMs of the surface-mounted structure are mostly in a vertical
magnetization mode, while the PMs of the surface-inset structure are mostly in a horizon-
tal magnetization mode, and the surface-inset structure is also called the flux-focusing
type [71,72]. Both surface-mounted and surface-inset, the conventional axial-flux PMECCs
achieve the adjustment of the transferred torque by adjusting the length of the air gap
between the conductor rotor and the PM rotor.
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2.1.1. Surface-Mounted

References [22,23,32,67,73–81] all present conventional surface-mounted PMECCs.
Their basic structure is shown in Figure 4a, and researchers have conducted a lot of
modeling studies for this structure, and the PMECCs in the references are all single-disk
structures with sector-shaped Nd2Fe14B PMs. The surface-mounted structure is simple and
the magnetic pole arrangement is flexible.
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In order to counteract the axial force of the single-side structure and increase the torque
at the same time, references [66,82–86] used a double-disk structure. In references [82–86],
the conductor disk was in the middle and the PMs were on both sides. Its structure is
shown in Figure 5a, N and S poles are arranged alternately and the N pole is opposite to
the S pole across the conductor disk. Reference [66] presented PMs in the middle with
conductor disks on both sides. Its structure is shown in Figure 5b. Reference [31] presented
two unilateral structures combined to counteract the axial force.
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Figure 5. Double-sided structure PMECC: (a) conductor disk in the middle [82]; (b) PMs in the
middle [66].

2.1.2. Surface-Inset

References [71,87] presented an axial flux surface-inset PMECC, which uses a lower
cost rectangular PM and consists of a PM rotor and a conductor disk rotor, as shown
in Figure 6a. The arrows indicate the direction of magnetization of the magnetic poles.
References [72,88] presented a flux-focusing PMECC with double-slotted conductor rotors,
which uses a double-side structure, and which has one PM rotor and two conductor
rotors, as shown in Figure 6b. In the PM rotor, red and green indicate PMs with different
magnetization directions. Both have the same PM structure, which is inset in the core and
magnetized in the direction of the circumference.
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2.2. Radial-Flux PMECCs

The radial flux type is characterized by small rotational inertia, high torque density,
and a low requirement for center height and no axial force, but the axial dimension is
larger and the corresponding shaft alignment accuracy requirement is higher than that of
the axial-flux PMECC. There are two types of radial-flux PMECC displayed in Figure 7,
surface-mounted and surface-inset, respectively.
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2.2.1. Surface-Mounted

The structure of the surface-mounted radial-flux PMECC is shown in Figures 1b and 7a. A
surface-mounted radial-flux PMECC with internal PMs and an external conductor rotor
was proposed in references [89–97]. A radial-flux PMECC with an internal conductor rotor
and an external PM structure was proposed in references [98–100]. The bilateral structure,
as shown in Figure 8, also appears for the radial flux type since it can also effectively
increase the torque [11,12,101–103].
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2.2.2. Surface-Inset

A flux-concentration cage-type PMECC with a slotted conductor rotor topology was
proposed in references [104,105], and the 2D geometry of the studied PMECC is shown
in Figure 9. The PM rotor is inside the conductor rotor; each PM is magnetized along
the circumference and inset in the core. Different colors and arrows in the figure indicate
different magnetization directions of the PMs.
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2.3. Novel Design Topologies of PMECCs

PMECC are widely used because of their simple structure. In recent years, researchers
have been innovating their design to increase torque density, improve efficiency, reduce
size, reduce rotational inertia, and make torque regulation more flexible. For the innovative
design of PMECCs, the parts involve the topology, PM, conductor, and regulating device.
The improvement in the topology involves a combination of axial and radial structure. The
goal of the improvement in the PM is to increase the flux density of the air gap and to
obtain a more desirable sinusoidal distribution of the magnetic field. The slotting of the
conductor rotor allows for a larger circuit of eddy currents and a certain range of increased
torque. The new flux-adjustable mechanism is able to adapt to more complex scenarios. A
detailed description is given below.

2.3.1. Axial–Radial Combined PMECCs

A topology combining axial flux and radial flux has been proposed in references [34,106–109].
The combination of a traditional axial-flux PMECC and a radial-flux PMECC not only
makes it possible to increase the area of the induced magnetic field, but also to magnetize it
in both axial and radial directions, improving the corresponding transmission efficiency.
The structure proposed in references [34,106–108] consists of a conventional radial-flux
PMECC and a double-sided axial-flux PMECC, which is used for coupling in a scraper
conveyor, working under bad conditions including overload startup, severe abrasion, and
pollution, as shown in Figure 10a. The structures proposed in reference [109] can be used to
obtain a load speed that can be controlled and regulated by adjusting the relative positions
of the two rotors, as shown in Figure 10b. In Figure 10a,b, N and S indicate the direction of
magnetization of the PMs.

2.3.2. Novel Magnetization Method

A Halbach array is a combination of PMs with different magnetization directions in a
certain order so that the magnetic field of one side of the PM is significantly enhanced while
the other side is significantly weakened, and it is easy to obtain a more ideal sinusoidal
distribution of the magnetic field. Halbach arrays are widely used in PM motors, magnetic
levitation technology, linear motors, magnetic bearings, and other fields because of their
unilateral magnetization effect, which can significantly enhance the air gap magnetic
density of magnetic functional devices and improve the utilization of PM materials [110].

In references [69,111–113], Halbach arrays were applied to axial-flux PMECCs. The
authors of [89,90,97,114] applied Halbach arrays to radial-flux PMECCs. A four-layer field
model of the quasi-Halbach PMECC is shown in Figure 11. It is worth mentioning that the
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authors of [115] improved the torque output of the axial-flux PMECC by constructing a
magnetic field with injected harmonics in the air gap through the PM shape design.
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2.3.3. Slotted Conductor Rotor

Slotted conductor rotors can force eddy currents to flow perpendicular to both the
magnetic field line and the rotation axis, and the use of back-iron filled slots can enhance
the air-gap flux density, and the Lorentz force and transmitted torque are consequently
optimized. To improve the efficiency and torque density, the first study of slotted conductor
disks was conducted in 2006 by [116], and the number and size of the slots and the
effect of using back-iron filling on the performance were investigated. Subsequently,
references [66,70,72,82,117–119] studied the axial-flux PMECC, as shown in Figure 12. Red
and blue indicate PMs with different magnetization directions. References [98,100,104]
also extended the study of slotted structures to radial fluxes. In addition, the authors
of [120,121] studied the different grooves on the surface of the conductor, and compared the
effects of the different shapes of grooves on the braking torque and the change in magnetic
flux by using the method of finite element analysis (FEA). The general conclusion can be
obtained that the slotted conductor disk can significantly increase the torque transferred by
the PMECC, or the braking torque of the brake in a certain speed range.
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2.3.4. Novel Flux Adjustable PMECCs

Conventional axial-flux PMECCs adjust the torque by adjusting the air gap distance
between the PM rotor and the conductor disk rotor. For radial-flux PMECCs, the torque is
adjusted by adjusting the distance between the two moving rotors and changing the relative
area between the PM rotor and the conductor rotor. Based on the basic structure, many new
regulating mechanisms have been proposed. The authors of [122] proposed a PM rotor
consisting of three parts; the inner, middle, and outer parts of the PM rotor can be adjusted
to achieve the output torque adjustment by adjusting the middle PM. This structure can
simplify the adjustment mechanism of the PMECC and reduce the size of the PMECC, as
shown in Figure 13a. The Figure 13a shows the structure of the PMECC using different
views. Red and blue indicate PMs with different magnetization directions. Reference [123]
has a similar structure to reference [122], with the difference being that a double-side
conductor disk structure is established, as shown in Figure 13b. A new axial-flux adjustable
PMECC with a movable stator ring is proposed in reference [27]. The slip speed of the
proposed PMECC can be adjusted by shifting the axial position of the movable stator
ring. In order to improve the torque density and simplify the actuator of a conventional
speed-adjustable PMECC, a new squirrel-cage rotor PM adjustable speed drive with a
non-rotating mechanical flux regulator is proposed in reference [24]. A new flux-adjustable
PMECC with multiple rotors is proposed in reference [124]. According to the different
functions, the PM rotors can be divided into rotors with fixed flux and adjustable flux. By
adjusting the relative positions of the two types of PM rotors, the magnetic field, torque,
and output speed can be controlled without changing the air gap distance.
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3. Modeling Methods for PMECC

For rotating electromagnetic devices, an analysis of their air-gap magnetic field and
torque characteristics helps to predict the performance of the device and optimize it later,
and the development of new topologies of devices is based on familiarity with their
magnetic field and torque characteristics. The rotating eddy currents on the rotor of
the PMECC conductor increase the difficulty of solving its magnetic field and torque
characteristics. Thanks to existing methods for solving the eddy current and magnetic field
problems of moving conductors, accurate electromagnetic field modeling is the basis for
subsequent optimal design. There is a large number of modeling studies for PMECCs with
different topologies, structures, and operating conditions. These methods can be basically
divided into two categories, numerical and analytical methods.

3.1. Numerical Methods

Generally speaking, the numerical methods for electromagnetic field research mainly
include the finite difference method, finite element method (FEM, also known as finite
element analysis (FEA)), integral equation method, boundary element method, etc. In
the study of PMECC, most scholars choose existing finite element calculation software
such as ANSYS, Comsol, JMAG-Designer, Altair Flux, etc., for two-dimensional (2D) or
three-dimensional (3D) electromagnetic field calculation. The finite element software-
based method is applicable to any topology and is a general solution method with a
relatively mature technology, and usually the FEM is also used as a validation tool for the
analytical method.

The most promising and popular numerical method is FEM. In FEM, the analysis
domain is divided into subdomains through a mesh, and each subdomain becomes a
simple and small part called a finite element. Each element has an appropriate approximate
solution, and the solution of the domain satisfying the structural equilibrium condition
is derived. Dirichlet, Neumann, and periodic boundary conditions are used to solve FEA
problems. A detailed description can be found in reference [125] Section 1.2 “Numerical
Solution”. The definition and allocation of finite elements are flexible, making FEM appli-
cable to any complex device topology structure and providing an accurate performance
solution, such as the magnetic field distribution in any component. The computational
burden is the main limitation of FEM because it requires the meshing of the entire solution
domain. With the improvement in computational power, this problem has gradually been
addressed, making FEM the most commonly used tool. Currently, in the study of PMECCs,
FEM can be mainly divided into 2D FEM and 3D FEM.

A new flux-adjustable PMECC with a double-layered PM rotor is proposed in ref-
erence [29]. Using the 2D FEM, the torque and magnetic field, each at different relative
position of PM rotors, are analyzed, and the magnetic field distribution and air gap flux
density at each relative position are analyzed in the static field; the torque and speed curves
are calculated in the transient field, and the effects of structural parameters on the torque
are analyzed and calculated based on the torque–speed characteristics, which provides a
reference for the structural optimization design of this PMECC. Reference [116] was the
first to study slotted conductor disks. In order to analyze the performance of the PMECC
and compare it with general designs, a 2D FEA model was developed. Various slotted
designs, the influence of the number and size of the slots, and the effect of filling slots with
iron were studied based on this model.

The authors of [126], in 2006, performed a 3D FEM of a PMECC based on a 2D FEM
model. The 3D effects of the geometric structure and the nonlinearity of the materials were
considered, and it was concluded that calculations were usually difficult when the material
was highly saturated due to the level of FEM technology at the time. In reference [13],
transient simulation studies of the eddy current of a PMECC were conducted using 2D and
3D FEM, respectively, and the two FEM results were compared, and the results showed
that the 3D FEM is more accurate than the 2D FEM.
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Reference [92] developed a FEA model of a water-cooled PMECC considering the
characteristics of the PM and the thermal conductivity of the material. The distribution of
eddy currents and temperature was analyzed using a magneto-thermal coupling method.
The results showed good consistency between the 3D FEM simulation results of temperature
and braking torque and the experimental test results. Reference [127] proposed a modeling
technique for axial-flux PMECCs based on a vector J-A hysteresis model. The parameters
of the J-A hysteresis model were obtained using a fast identification method based on
numerical methods and genetic algorithms (GAs), and the model was applied to numerical
calculations to improve the convergence and reduce the calculation time. Reference [13]
conducted transient simulation studies on the eddy currents in a PMECC using both 2D
and 3D FEM, and compared the results of the two methods. The results showed that 3D
FEM was more accurate than 2D FEM.

It can be seen from the analysis that these methods can simulate the actual working
conditions of the research objects and obtain extremely accurate analysis results. The disad-
vantage is that it requires precise meshing, and the computation is very large, requiring
expensive computer hardware; so, it is not suitable for the initial design process of devices,
but is often used as a verification tool.

3.2. Analytical Methods

Compared with numerical methods, analytical methods can significantly reduce the
computational workload, but, in the process of analytical modeling, a large number of
idealized assumptions are often required, sacrificing some accuracy. Analytical modeling
methods can intuitively study the influence of geometric parameters or material properties
on the final performance of the PMECC, which is very important in the pre-design stage of
the PMECC. For research on PMECCs, analytical methods can be divided into equivalent
circuit methods and layer model methods based on Maxwell’s equations.

3.2.1. Magnetic Equivalent Circuit Method

The magnetic equivalent circuit (MEC) method is a widely used and simple magnetic
field analysis method in electromagnetic device design and optimization. Its basic idea is
to transform the abstract magnetic field problem into a mature electric field problem. Based
on principles such as consistent material properties, similar cross-sectional areas, and the
same magnetic flux passing through the cross-sectional area, the system’s magnetic field is
divided into different magnetic circuits. By combining Kirchhoff’s law and Ampere’s law,
equations related to magnetic flux are obtained. For complex magnetic circuit structures,
such as those that require a consideration of the magnetic circuit of a double-sided PMECC,
the complex magnetic field magnetic circuit needs to be divided into multiple magnetic
branches with magnetic resistance or magnetic potential. These branches are connected in
parallel or series to form a network, thereby simplifying the problem, which is known as
the equivalent magnetic network (EMN) method.

Regarding the research on PMECCs, the MEC method can be divided into 2D and 3D
MEC methods. Although the 3D MEC method can consider the radial leakage of the PM,
due to the complexity of the 3D MEC method model, most scholars mainly focus on the
2D MEC method. The 2D MEC method expands the PMECC along the circumferential
direction at the average radius and analyzes the magnetic flux path of the PMECC on this
2D model.

In reference [78], a flux-tube model is established considering the three-dimensional
structure and radial leakage of the PMECC. The 3D MEC method can handle complex
geometric structures and consider all geometric parameters and material properties, such
as iron saturation and the non-linear characteristics of the PM.

In the research on the 2D MEC method of the PMECC, the eddy current generated
in the conductor sheet poses a difficulty for model establishment. Currently, there are
three main methods used to deal with the problem of eddy current generation in the eddy
current region. The first method is not to consider the eddy current reaction field in the
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MEC but to directly solve the air gap magnetic field based on the static MEC model. Then,
based on Faraday’s law, the induced current generated by the moving conductor disk in the
magnetic field is solved, and the magnetic field generated by the eddy current is calculated
using Ampere’s law. Differential equations are then written and solved to calculate the
eddy current in the conductor disk, and then the eddy current loss power is calculated to
solve the torque. Typically, the Russell–Norsworthy correction factor is used to convert 2D
results to 3D results [128]. Reference [129] shows the simplest application of this method.
The calculation process is shown in Figure 14, which is the following functional block
diagram. In the block diagram, red indicates physical quantities and blue indicates laws
of physics.
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The first MEC method is the basic method for modeling PMECCs, and there are many
in-depth studies and innovative applications based on this method.

The in-depth study focuses on the nonlinearity of the material in the model, the skin
effect of eddy currents, and the effect of heat generation on the electromagnetic characteris-
tics. Reference [130] developed an accurate and simple performance prediction model by
considering the saturation of the ferromagnetic material, the operating temperature, and
the electromagnetic effects of the back iron. Reference [76] considered the skin effect of
eddy currents based on the existing MEC model and the thermal effect of eddy currents,
and developed a thermal network model to solve for the temperature distribution, con-
sidering the effect of temperature on resistivity and residual flux density. Reference [75]
solved for the torque under a 2D model using the MEC method, and also solved the air-gap
flux density and compared it with the FEM to verify its accuracy, and also considered the
aggregation effect of the sector PM on the eddy currents and introduced the corresponding
correction coefficients. Reference [31] investigated, in depth, the electromagnetic and ther-
mal nonlinearities of the material, such as the thermal effects on magnetic properties, skin
effects, and the inductive resistance of eddy currents. On the basis of the magnetic circuit
analysis, the relationship between sensitive parameters and transmission performance is
summarized in Figure 15. Based on the MEC method, Faraday’s law, and the lumped
parameter thermal network method, the analytical model of PMECC including all sensitive
parameters and electromagnetic and thermal nonlinearities was established. MF is the
magnetic field, EF is the eddy current field, TF is the temperature field, A is the skin effect,
B is eddy current induced reactance, C is thermal effect of conductivity, D is the thermal
effectof reluctance; E is the thermal effect of PM, F is saturation effect.

The innovative applications are mainly the application of the first MEC to new topolo-
gies, new structures, etc. References [108,109] used this MEC method to model the com-
bined axial and radial PMECCs and investigated the performance of the new topology.
Reference [131] analytically modeled four typical PMECCs consisting of surface-mounted
and interior PMs, slotted and non-slotted conductor rotors based on the MEC method, and
the basic electromagnetic characteristics of PMECCs were investigated using the devel-
oped analytical models. In reference [84], the model was applied to the optimal design
of the axial-flux PMECC with double-side PMs for dynamic applications, and the flux,
flux density, and torque were solved using an iterative method, considering the nonlinear
B–H curve based on the original method. References [88,132] applied the method to a
PMECC with a two-side conductor rotor, both considering nonlinear B–H curves and using
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an iterative method to solve for the magnetic permeability. Among them, reference [132]
considered the difference in the inductance characteristics of a copper disk rotor at dif-
ferent slip frequencies, proposed the concept of effective permeability of a copper disk
rotor, established the equivalent permeability calculation model of a copper disk rotor at
a different slip, and improved the accuracy of the model in the range of increased slip.
Reference [122] applied the first MEC method to a new flux-adjustable axial-flux PMECC
for its performance study. Reference [71] applied the first MEC method to an axial-flux
surface-inset PMECC, considering material properties such as the saturation of the iron and
the properties of the PM. In the same way, the team also modeled a radial-flux PMECC [95].
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mance [31].

The second MEC method is to model the region where eddy current loops are formed
in the conductive rotor of the PMECC as a coil winding, and to establish an equivalent
circuit model similar to that of an induction motor. As shown in Figure 16, the authors
of [68] used an analytical magnetic field solution for a copper disk as a basis to equivalently
represent the region where eddy current loops are formed in the conductive rotor of the
PMECC as a coil winding, and established an equivalent circuit model similar to that
of an induction motor. In Figure 16, the volume element can be seen as a coil, which
is characterized by inductance and resistance. E0nk is the electromotive force which is
induced by the change in Φ0nk(t), Rnk is the equivalent resistance, and Lnk is the equivalent
inductance. The authors then applied this model to analyze the performance of an axial-flux
PMECC [133].
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The third MEC method involves introducing a branch magnetic circuit that considers
magnetic dynamics and reaction flux in the constructed MEC, where eddy current effects
are inherently considered. In other words, a branch magnetic circuit with eddy current
resistance is introduced into the MEC model, where eddy currents are treated as magnetic
potential. A typical reference that uses this method is [23], which establishes an MEC model
for an axial-flux PMECC. Reference [134] analyzes the torque characteristics of a slotted
PMECC using a similar method, considering the modulation of the magnetic field and eddy
current by the iron teeth in the conductor disk. The final results show that this method is
accurate and effective at low slip speeds and short air gaps. Reference [135] proposed a PM
rotating-type axial magnetic flux PMECC and used this method to establish an MEC model
when the PM and conductor disk are not parallel. In the case of a low slip speed, short
air gap, and thin conductor disk, the results obtained from this model are consistent with
those obtained from the FEM. Reference [136] considers the skin effect of eddy currents
based on this method to improve the accuracy of torque calculation.

3.2.2. Analytic Modeling Method Based on Maxwell’s Equations

The method typically used for this model is the separation of variables (SoV) method,
also known as the layer model method, which is an electromagnetic field solving method
with advantages and disadvantages compared to numerical analysis methods and MEC
methods. According to the consistency of material properties, this method divides the
study object into different regions and establishes the control equations for each region,
generally Poisson’s equation, Laplace’s equation, and the diffusion equation. These partial
differential equations are solved by the separation of variables method, and unknown
constants in the general solution are determined based on boundary conditions. This
method is the focus of research of many scholars both domestically and internationally and
plays an important role in the analytical modeling and analysis of the magnetic field, eddy
current field, and the torque performance of PMECCs.

Depending on the coordinate system chosen for modeling, the model can be divided
into Cartesian coordinates (rectangular coordinates) and cylindrical coordinates. In the
Cartesian coordinate system, the overall cylindrical device is cut along the average radius
and is flattened along the circumferential direction. The equivalent model of the linear
geometric structure exhibits periodic symmetrical distribution in the x-axis direction, and
the actual x-axis length depends on the number of pole pairs. Usually, a pair of magnetic
poles is selected for modeling and research, and the results of the entire structure are ob-
tained through the number of pole pairs. The model established in the Cartesian coordinate
system will cause curvature effects problems, and the magnetic flux distribution in the
torque density results is not accurate enough. In order to eliminate the problem of curvature
effects, the cylindrical coordinate system modeling was proposed, which can also be called
polar coordinate system modeling in the 2D case. Although this method has a higher
accuracy, it encounters Bessel functions in the solution process of partial differential equa-
tions, which increases the difficulty of the solution [137]. In different coordinate systems,
depending on the degree of model simplification, some use 2D modeling and some use
3D modeling. When using a 2D coordinate system for modeling, the Russell–Norsworthy
correction factor is usually used to convert the 2D results to 3D results. When solving
transmission characteristic problems, eddy current problems will be involved. Depending
on the choice of the stationary reference frame, it can be divided into modeling with the
PM as the stationary part, and modeling with the copper disk as the stationary part. In the
PM reference frame, the magnetic field in the moving conductor material is transformed
into the Lorentz term v×∇× A through a Minkowski transformation. It disappears when
the conductor is used as the reference frame, and in the conductor reference frame, the
PM area is considered as a traveling wave magnetic field source. When solving the static
magnetic field distribution problem of PMECCs, the eddy current reaction magnetic field
is often ignored, and a stationary reference frame is established.
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Table 1 provides the analytic model of some typical reference papers, and readers can
read the original papers for further understanding.

Table 1. Summary and comparison of various analytic models based on Maxwell’s equations.

Coordinate Dimension Reference System Reference

Cartesian coordinate 2-D PM + Conductor Rotor [77]
Cartesian coordinate 2-D PM Rotor [67]
Cartesian coordinate 2-D Conductor Rotor [72]
Cartesian coordinate 2-D Conductor Rotor [117]
Cartesian coordinate 2-D Conductor Rotor [104]
Cartesian coordinate 3-D PM Rotor [79]
Cartesian coordinate 3-D Conductor Rotor [58]

Cylindrical coordinate 2-D PM Rotor [66]
Cylindrical coordinate 2-D Conductor Rotor [72]
Cylindrical coordinate 2-D Conductor Rotor [117]
Cylindrical coordinate 2-D Conductor Rotor [104]
Cylindrical coordinate 3-D PM + Conductor Rotor [79]
Cylindrical coordinate 3-D PM + Conductor Rotor [58]
Cylindrical coordinate 3-D Conductor Rotor [137]
Cylindrical coordinate 3-D Conductor Rotor [138]
Cylindrical coordinate 3-D Conductor Rotor [115]

3.3. Semi-Analytical Methods

The semi-analytical model is a combination of numerical and analytical methods that
exploits the advantages of each. A semi-analytical model for the temperature estimation
of PMECCs was proposed in reference [30], which first uses a method based on a MEC
model to calculate the eddy current losses, and then uses the eddy current losses as a
heat source for the thermal model to calculate the temperature estimate through a FEM.
A flow chart of the semi-analytical model is shown in Figure 17. After initialization, the
heat source loss is obtained according to the magnetic field model. Further, the FEM model
of temperature estimation analysis is built based on the analytical model of the magnetic
field, while the temperature estimation distribution is obtained through grid division,
step size setting and other operations. The final temperature of PM is obtained from the
temperature estimation distribution results, which are taken as the evaluation index. If the
relative error between the calculation result at the i-th time and the calculation result at
the i-1-th time is less than the set threshold, the results of the temperature estimation are
analyzed; If greater than the set threshold, the conductivity of CS and the coercive force
of PMs will be adjusted to recalculate from the start until the set threshold is met.Similar
to reference [30], reference [139] first used an analytical model to establish a subdomain
model in cylindrical coordinates to solve for the magnetic vector potential and then to
further obtain the eddy current losses. The eddy current losses were used as a heat source
in the finite element thermal model to solve for the temperature distribution. This method
was used to solve for an axial-flux PMECC device with a skewed slot copper disk. The
design reduced the temperature rise and resulted in a more uniform temperature change
along the radial direction.

Reference [11] derived an analytical expression for 2D torque and divided the con-
ductor into multiple layers, considering different harmonics for each layer. The harmonic
information for each layer was obtained through a one-time 3D static FEA, which was then
used to solve for the 2D torque. The 2D torque results were converted into 3D results using
the Russell–Norsworthy correction factor.

3.4. Nonlinear Regression Modeling

This class of methods aims to establish a functional mapping between the original
design parameters and the final operational characteristics. It estimates the characteristics
of a PMECC based on a limited simulation or experimental dataset rather than a full set of
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data, which can reduce the modeling cost to some extent. Reference [140] used BP neural
networks (BPNN), fuzzy-based adaptive neural networks, and support vector machines
(SVM) for the nonlinear regression modeling of PMECC. The sampling points used for
training are the electromagnetic characteristics of the PMECC obtained using the FEM. The
accuracy, validity, and prediction capability of these three models are verified and compared.
The results show that the SVM has the best stability and generalization capability.
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4. Loss Calculation and Thermal Analysis

Loss calculation and thermal analysis are essential for PMECCs because the properties
of the material change with temperature. This can also lead to the irreversible demagne-
tization of the PM when the temperature is too high. Therefore, in order to ensure the
successful design and long-term efficient operation of PMECCs, a temperature field analysis
is required to accurately predict the temperature distribution within a PMECC. Analytical
thermal models, equivalent thermal network methods, and numerical techniques are the
main methods of thermal analysis. In fact, the electromagnetic field and the temperature
field are interrelated, and the change in temperature affects the magnetic field distribution,
which in turn affects the loss of the PMECC, and in turn affects the temperature increase in
the PMECC; therefore, a multi-field coupling analysis of both electromagnetic and thermal
fields is required.
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4.1. Thermal Analysis Modeling Method

The heat generated by the conductor rotor is dissipated through heat conduction,
heat convection, and heat radiation. Inside the structure of PMECC, heat is transferred by
heat conduction, and between PMECC and the environment, all three heat transfer modes
exist, and the main heat transfer mode is convection heat transfer in the air environment as
well as in the rotating working condition. For the thermal study of PMECC, according to
different occasions and accuracy requirements, there are several methods: the analytical
thermal model, equivalent thermal network model, and numerical methods.

4.1.1. Analytical Thermal Model

Reference [32] used an analytical thermal model for the optimal design of the PMECC,
and the analytical method was simple but realistic, and some idealized assumptions were
made to make the model simple. The model assumes that the PMECC is in steady-state
condition, that the copper disk and back-iron thermal conductivities are high enough to
neglect their thermal resistances, that there is only convective heat transfer through the
external surfaces of the PMECC, and that there is no heat exchange through the air gap.
The parameters related to convective heat dissipation are obtained through the thermody-
namic properties of air at ambient temperature and the geometry through dimensionless
analysis. After considering the thermal analysis, the realistic optimal problem of design is
efficiently solved.

4.1.2. Equivalent Thermal Network Model

The equivalent thermal network (grid) approach is similar to the analytical modeling
approach with the advantage of fast computation, and the equivalent thermal network
approach mentioned here is more accurate than the one in the previous section, taking
into account the mechanical structure of the PMECC. References [33,141] established an
equivalent thermal network model based on T-equivalent lumped parameter to analyze
the temperature field of the axial-flux PMECC. The axial-flux PMECC can be viewed as a
combination of several cylindrical components. Each cylindrical component is equivalent
to a thermal element with a uniformly distributed heat capacity and heat source, and the
corresponding thermal resistance can be calculated from the geometrical parameters and
physical properties of the material. Due to the small effect of radiation heat dissipation on
the results, the radiation heat dissipation part is neglected and only the thermal network
with conduction and convection heat resistance is created. The heat source of the ther-
mal network is calculated from the eddy current loss power obtained from the analytical
modeling. The temperature distribution of each part of the PMECC can be calculated by
solving the equivalent thermal network, and then the PMECC can be optimally designed
accordingly. Reference [31] comprehensively considered heat conduction, heat convection,
and heat radiation, and its equivalent thermal network is shown in Figure 18. The equiva-
lent thermal network model of the axial-flux PMECC was established and the temperature
distribution of the PMECC was studied.

Reference [35] investigated the temperature distribution of an axial-flux PMECC with
slotted conductor disks by means of an equivalent thermal network model. Due to its
slotted structure, which makes it difficult to derive the convective heat transfer coefficient
in the equivalent thermal network from geometrical parameters and physical properties,
the convective heat transfer coefficient of the axial-flux PMECC was derived by means of
computational fluid dynamics (CFD) and the least squares method. In this study, radiation
heat dissipation was neglected.
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4.1.3. Numerical Techniques

The numerical methods used are mainly the finite element method (FEM) and the
computational fluid dynamics (CFD) method. The FEM mainly calculates the heat gener-
ation inside the PMECC and the temperature distribution in the internal structure. The
CFD method can be used to model the PMECC and the cooling medium together and
solve the flow state of the cooling medium, the thermal conductivity of each part, and the
temperature distribution of the PMECC surface.

In Section 3.3, we mentioned the semi-analytical model approach, where the eddy
current loss power of the conductor unit is obtained using the calculation of the analytical
model, which is input to the finite element calculation as a heat source, and the temperature
estimation is achieved using the finite element calculation software. In reference [142],
PMECCs were used as retarders for heavy-duty vehicles. A large amount of heat is
generated during the long-distance braking of the vehicle, which requires a reasonable
design of the heat dissipation conditions. In order to study the temperature distribution and
heat dissipation of the PMECC, a numerical study model was established using FEA and
CFD methods, which is an important preparation for the subsequent multi-field coupling
analysis and design of the heat dissipation device. Reference [34] used Ansoft Maxwell and
an Ansys Workbench for the magneto-thermal coupling analysis of hybrid PMECC, which
can be applied to the accurate temperature distribution of hybrid PMECC.

4.2. Multi-Field Coupling Analysis

Thermal analysis of PMECCs via analytical modeling or numerical methods will give
the temperature distribution of the device. Generally speaking, this is not the final goal
of the solution. Because the temperature will change the permeability µ and resistance
R of the material of the PMECCs, the permeability at different temperatures is shown in
Figure 19. The letters from A to F indicate the moving trace of PM working points when
the Nd-Fe-B 50M is working at exceeding tw = 100 ◦C. When the temperature is higher,
the demagnetization of permanent magnets will also occur; therefore, the equation for the
change in resistance with temperature can be expressed by Equation (1).

R = R0[1 + αt(t− t0)] (1)

where R and R0 are the resistance values at temperatures t and t0, respectively, and αt is
the temperature coefficient of the resistance.
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The changes in the material properties will further change the heat generation con-
ditions. Therefore, the computational analysis for the electromagnetic, thermal, and fluid
fields is an iterative process. Reference [142] gives a flowchart for the two-way coupling
calculation method, as shown in Figure 20.
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The two-way coupling calculation process is described as follows: At the beginning,
we established a finite element model of the electromagnetic field and thermal field. The
eddy current brake power loss is used as the heat source to calculate the thermal field. The
σ and the µ of the eddy current plate material are obtained after the temperature has been
updated. The electromagnetic field is recalculated based on the influence factor of σ and µ.
After iterative calculations, the working temperature error is less than k, and the calculation
is stopped.
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5. Optimization Design

With the continuous research on PMECCs by domestic and foreign scholars, the
optimization design of PMECCs has gradually become a research hotspot. Due to the
complex nonlinear relationship between the design parameters and the actual operating
performance of the PMECCs and the coupling between the design parameters, the design
difficulty of the PMECCs is increased. Reference [143] proposed an optimized design
process for axial-flux PMECCs. It is usually necessary to derive the functional relationship
between performance parameters and design parameters by modeling, for example, 3D
FEM [144] (the detailed modeling methods have been summarized in Section 3). And, the
experimental design method, for example, response surface methodology (RSM) [145] can
also be used to obtain some functional mapping relationships between design parameters
and performance through simulations or experiments. The range of the design parameters
is limited according to the actual situation. Next, the sensitivity analysis of the parameters
is often required to understand which parameters have a strong or weak effect on the
results. References [81,124] have performed a sensitivity analysis on the design parameters
for different topologies to provide valuable references for the optimal design under the
corresponding structural topologies. In the optimization design process of PMECC, there is
often more than one optimization objective, and most of the optimization objectives are
contradictory to each other; so, the optimization problem is abstracted into a single-objective
or multi-objective global optimization problem according to the actual situation, and then
the optimization technique is used to solve the problem and obtain the optimization design
results of the PMECC. Finally, it is verified via a simulation or experiment.

5.1. Optimization Classification

The optimization study of PMECCs can have various classifications according to
different classification criteria. As far as the PMECC ontology is concerned, it can be
classified into topology optimization and parameter optimization under fixed topology.
In this paper, the optimization of topology was introduced in Section 2, and this section
summarized the optimization of parameters under fixed topology. In terms of the number
of objectives for optimization, it can be divided into single-objective and multi-objective
optimization. In terms of whether the optimization is for the PMECC structure proper
and the drive train control variables simultaneously, this can be divided into component-
level and system-level optimization. The optimization techniques can be divided into
genetic algorithm (GA), particle swarm optimization (PSO), artificial immune systems
(AIS), nonlinear programming optimization, multi-objective optimal design, and other
optimization techniques.

5.1.1. Single- and Multi-Objective Optimization

Reference [32] presented a single-objective optimal design of an axial PMECC with
a design flow based on 3D analytical modeling and torque expressions derived using
a population algorithm. The objective is to determine the optimal volume of the PM
under certain constraints. A mathematical model for the single-objective optimization was
developed and classified as a mixed-integer nonlinear programming problem with the
following description of the problem considering temperature:

minx∈DVm(x)
with : x = [R1, wm, b, d, α, p]
subject to : Te(x, Θ(x)) ≥ 50Nm

R3(x) ≤ 15cm,
Θ(x) ≤ 100 ◦C

, (2)

However, in practical conditions, conflicting optimization objectives are typical, such
as output torque and eddy current losses. Therefore, a large number of studies focus
on multi-objective optimization. For example, reference [39] optimized the optimization
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problem, maximizing torque and minimizing eddy current loss as optimization objectives
for a fixed topology of an axial-flux PMECC:

max Ploss = f1(X)
min T = f2(X)
with : x = [x1, x2, x3, x4]
subject to :

120 ≤ x1 ≤ 140
15 ≤ x2 ≤ 35
12 ≤ x3 ≤ 22
4 ≤ x4 ≤ 9

, (3)

where x1, x2, x3, and x4 are the design variables, which are the radial length of PMs, the
thickness of PMs, the number of PMs, and the thickness of the copper disk. The constraints
are the dimensional limitations of the geometry design.

5.1.2. Component- and System-Level Optimization

The performance of a PMECC is similar to that of an asynchronous motor. In gen-
eral, the performance of a PMECC consists of two aspects, steady-state performance and
dynamic performance. The steady-state performance has been studied extensively, as men-
tioned in the previous sections on PMECC modeling. Since the load carried by the PMECC
often does not require high dynamic performance, less research has been conducted on
its dynamic performance. However, there are still papers on its dynamic performance,
and here are some examples. Reference [146] investigated the torque characteristics and
correlation coefficients of PMECCs under strong impact force loads using the FEM. The
acceleration of eddy current brakes under strong impact loads can be very large. In this
case, the braking force characteristics of the PMECC at a high acceleration are different
from those at quasi-static, and the braking force is no longer a single function of velocity.
Reference [67] investigated the steady-state and transient performance of an axial-flux
PMECC. Through analytical modeling, it can be found that when the transient performance
of the PMECC is studied, the entire drive system needs to be considered; so, the optimiza-
tion of the transient performance is a system-level optimization. Reference [84] optimizes
the dynamic application scenario of the PMECC, and the important dynamic criteria of
the system, such as the system bandwidth, are optimized using GAs, which belong to the
system-level optimization. The optimal design solution of system-level optimization aims
to find the optimal system performance, not the optimal component performance. It should
be noted that the optimal design solution of system-level optimization aims to find the
optimal system performance, but it cannot guarantee the optimal component performance
like the optimal PMECC topology.

5.2. Optimization Techniques

As the application of PMECCs in the industrial field is expanding, designing products
with a higher torque density and lower cost, while ensuring performance, is an important
issue for researchers. In addition to designing a more reasonable magnetic circuit structure,
another important way to solve this problem is to optimize the design of structural param-
eters, and when the mathematical model of the optimization problem is established, the
corresponding optimization algorithm can be used to obtain the optimization results. For
the optimal design of electromagnetic devices, optimization algorithms include determin-
istic algorithms and stochastic algorithms. Deterministic algorithms include exhaustive
search, mountain climbing, modified method of feasible directions (MMFD), simplex, etc.
These deterministic algorithms are suitable for analytical model-based solutions because
they consume a lot of computational time and resources and often result in a local optimum.
When faced with FEA or experimental design to obtain parameters to optimize the structure
of a PMECC, stochastic algorithms are usually used. There are many intelligent optimiza-
tion algorithms that are applied to the design optimization of electromagnetic devices. The
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following algorithms such as GA, PSO, AIS, and multidisciplinary optimization design are
used in the study of PMECCs optimization design. A detailed description is given below.

5.2.1. Genetic Algorithm (GA)

The flow chart of a basic GA for PMECCs is shown in Figure 21. The main process
involves an initial population that is randomly selected, and then using an objective
function, each individual is evaluated for their fitness. Next, genetic operators, namely
selection, crossover, and mutation, are applied to produce the next population, called
evolution. The most fit individuals, called elites, can be sent directly to the next generation.
With the application of this algorithm in the field of multi-objective optimization, an
improved version of it, NSGA-II, has been proposed.
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The authors of [84], mentioned in the previous section, performed system-level opti-
mization of a PMECC using a GA that uses torque, air gap flux density, the electrical time
constant of the system, and the rotational inertia of both sides as evaluation metrics for
multi-objective optimization. The authors of [147] developed a mathematical model linking
the design parameters and the performance of a PMECC based on analytical modeling, and
optimized the dynamic performance via a GA in order to minimize the rotational inertia
of the rotating part and maximize the torque. The authors of [102] modeled a cylindrical
PMECC with bilateral PMs using the MEC method, and optimized it using a GA based on
the analytical model with the optimization objectives of maximizing the torque and mini-
mizing the rotational inertia and volume. The study in [42] was based on FEM simulation
to perform multi-objective optimization with the goal of reducing the overall mass and
volume of the brake while maintaining the torque speed, and this was solved using a GA.

NSGA-II is an improved version of a GA. First, the NSGA-II algorithm density operator
is used to estimate the population density near a specific solution in order to calculate the
average distance between solutions. Second, to obtain the non-inferiority rank order and
crowding of individuals in the population, it introduces the crowding operator, which can
form a uniformly distributed Pareto front. The authors of [39] used the FEM as a modeling
approach, and used the NSGA-II algorithm for optimization with the maximum torque
and minimum eddy current loss as the optimization objective. The authors of [148] added
the modified feasible direction method MMFD suitable for local optimization to the global
optimization algorithm of NSGA-II.

5.2.2. Particle Swarm Optimization (PSO)

The PSO is a meta-heuristic optimization method inspired by the social behavior of
bird and fish flocks. Its structure is simple and effective, and so it is often chosen for
multi-objective optimization.



Actuators 2023, 12, 277 23 of 31

In PSO, all particles share their experience with the population (swarm) and each
particle updates its position (x) and velocity (v) by means of individual (pbest) and global
(gbest) best solutions. The PSO can be explained by only two equations, defined as

υk+1
i = ξiwυk

i + c1r1(pbestk
i − xk

i ) + c2r2(gbestk
i − xk

i ) (4)

xk+1
i = xk

i + υk+1
i (5)

where k is the number of iterations, i is the particle index, ξiw is the inertia weight, c1
and c2 are the individual and global acceleration coefficients, and r1 and r2 are randomly
generated numbers between 0 and 1.

The flow chart of the PSO is shown in Figure 22. A detailed understanding of the
algorithm can be seen in references [149,150].
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The authors of [38] applied the modeling method of MEC to a previously designed
and patented PMECC and optimized the design of the given device using multi-objective
PSO to minimize the cost. The volume of the optimized PM was reduced by 40% compared
to the pre-optimized structure. The authors of [40] used a chaotic multi-objective PSO
to optimize the design parameters of an axial-flux PMECC. The optimization model was
developed using FEM and experimental design methods, with the maximum torque and
minimum eddy current as the optimization objectives. The results resulted in an efficiency
of the PMECC of more than 94% and a reduction in energy consumption to 83% of the
original. The authors of [41] used a hybrid PSO and a simplex optimization method for
the optimal design of the PMECC. The PSO has a significant capability in some global
searches, while the simplex algorithm has an outstanding advantage in local searches. This
paper takes the total effective volume of the PMECC as the optimization objective and also
introduces weighting to consider the cost. The authors of [151] introduced fuzzy logic based
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on reference [41], while increasing the optimization objective to maximize the peak torque
in addition to minimizing the total effective volume, and the final optimization results
showed that the PMECC and effective volume were reduced by 17.5% and 20%, respectively,
and that the peak torque was increased by about 42%. The design optimization of the
PMECC was performed with the objective of maximizing the total satisfaction. The authors
of [152] obtained the initial sampling data via orthogonal experimental design and FEM;
then, the approximate model between structural parameters and eddy current loss and
output torque was established using the Kriging method; finally, the structural parameters
of PMECC were optimized via the multi-objective particle swarm algorithm (MOPSO).

5.2.3. Artificial Immune Systems (AIS)

Vector immune system (VIS) is a multi-objective optimization algorithm that imple-
ments the key concepts of clone selection and idiotypic network with the aim of finding
the Pareto optimal solution to a multi-objective problem, which can be read in detail in
references [153,154].

Reference [155] presented a multi-objective optimal design of a radial PMECC with
the objective of maximizing the torque and minimizing the inertial momentum in order to
improve the dynamic characteristics of the device. It is based on an analytical modeling ap-
proach, and, after establishing the multi-objective optimization problem, a multi-objective
optimization method named vector immune system was used. This method has a fuzzy
scalarization of the objective, a faster convergence rate, and a better distribution of tradeoffs
required for higher level decision-making compared to the GA.

6. Conclusions and Future Highlight

In this paper, the state-of-the-art on PMECCs technology developments has been
reviewed. First, the basic working principle, working characteristics, and application
scenarios of PMECCs were introduced. Then, the different topologies of PMECCs and their
operating principles were introduced, and the characteristics of different topologies were
comprehensively analyzed. Next, the modeling methods of PMECCs were introduced,
which included numerical methods, analytical methods, semi-analytical methods, and
nonlinear regression modeling methods. After that, the loss calculation and heat transfer
analysis of the PMECC were introduced, taking into account the influence of temperature
on the modeling, and then the modeling methods and multi-field coupling analysis were
introduced. Finally, the optimal design of the PMECC was summarized and classified.

Based on the comprehensive analysis and a summary of the references, the future
research directions are summarized as follows, taking into account our team’s research
experience. In the future, greater attention and effort will be required from both academic
and industrial communities towards these areas:

1. From the perspective of the research problem, most of the current research is limited to
the study of steady-state performance, and lacks in-depth analysis and the modeling
of dynamic performance or the whole transmission system. For different transient
conditions such as PMECCs start-up, sudden load addition and reduction, and input
torque step response, a transient analysis model of PMECCs can be established to
accurately reflect the dynamic characteristics of PMECCs.

2. The current optimization methods are based on deterministic problems without con-
sidering uncertainty conditions, such as material variability, manufacturing tolerances,
and device installation errors. Such problems need to be combined with actual produc-
tion application scenarios; they need to introduce uncertainty data in the production
and application processes, perform robust optimization, and make a comprehensive
optimization of the PMECC in the manufacturing and product application processes.

3. Many advanced methods and research tools currently applied to electromagnetic
devices can be introduced for the study of PMECCs, such as physically constrained
neural networks, dimensional analysis, fractal geometry theory, and multidisciplinary
optimization design.
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4. The research on PMECCs should be developed in the direction of multidisciplinary
integration, using advanced materials, processing processes, and control methods to
expand the products, performance, and applications of PMECCs.

5. In addition, research can be conducted from microscopic perspectives such as material
composition and magnetization methods, and an in-depth analysis of the mechanism
of eddy current generation, especially transient directional eddy current, is needed to
explore the mechanism of eddy current heating and torque generation, to suppress
eddy current loss, and to improve the transmission efficiency of PMECCs.
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