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Abstract

:

A hysteresis motor produces output torque through the hysteresis effect of magnetic materials. It has the advantages of a simple structure, high-speed operation, high temperature resistance, low noise and self-starting capability. It can be applied to some special occasions requiring high speed and high stationarity. However, its disadvantage is low torque density, low efficiency and low power factor. The permanent magnet hysteresis motor is a compromise of the characteristics of permanent magnet motor and hysteresis motor, and it can be self-starting in the case of having a torque density comparable to that of a permanent magnet motor. In addition, there are some new structures of hysteresis motors, which open up the direction for innovative applications. Due to the complexity of magnetic properties, the calculation methods and dynamic models of hysteresis motors and permanent magnet hysteresis motors are special and also depend on the research of hysteresis materials and hysteresis models. This paper starts from the principle and classification of the hysteresis motor, and different structures and the corresponding analysis methods are reviewed. The motors with new structures and new methods are emphasized, the innovation and contribution of existing research are summarized, and the development trend of hysteresis motors is described.






Keywords:


hysteresis motor; permanent magnet hysteresis motor; equivalent circuit model; hysteresis material; hysteresis model












1. Introduction


Hysteresis refers to the phenomenon that when the ferromagnetic material is magnetized or demagnetized, its magnetization intensity not only depends on the strength of the external magnetic field but also depends on the historical state of magnetization. For materials with different “magnetic hardness”, hysteresis characteristics have different performance. For soft magnetic materials, the hysteresis loop is very narrow, which can be approximated as a nonlinear single-value curve as shown in Figure 1a. The hysteresis loop of hard magnetic materials is very wide, and the BH characteristics are linear when the external magnetic field is small as shown in Figure 1b. For hysteresis materials (also known as hysteresis alloy, semi-hard magnetic materials), the BH loop width is between soft magnetic materials and hard magnetic materials as shown in Figure 1c. For a motor whose rotor is made of hysteresis materials, when the rotating magnetic field is applied through the stator current, the magnetization state of the rotor lags behind the field generated by the stator, which will cause the magnetic field of the airgap to be distorted, thus producing hysteresis torque. This is the operating principle of the traditional hysteresis motor (HM) as shown in Figure 2. And its typical structure is shown in Figure 3.



In the traditional hysteresis motor, the torque is mainly due to the hysteresis effect. In addition, hysteresis torque can also be combined with other torque sources, such as adding hysteresis materials in the permanent magnet (PM) motor to make a permanent magnet hysteresis motor (PMHM). As long as the motor contains hysteresis torque in the design, it is called a generalized hysteresis motor as shown in Figure 4. For different types of hysteresis motors, only the rotors are different, and the stators are all traditional polyphase stators which can also be used in induction motors or permanent magnet motors. According to the difference in operating characteristics, their applications are also different. The following will focus on the traditional hysteresis motor and the permanent magnet hysteresis motor. If there are no special instructions, the hysteresis motor refers to the traditional hysteresis motor without a permanent magnet.



As a special type of motor, the hysteresis motor can be applied to some special occasions. Since its operating principle was proposed in the early 20th century, it has been rapidly developed, and in recent years, it has widely been of interest [1,2].



On the one hand, the hysteresis motor has low torque fluctuation, smooth operation and low noise, which makes it suitable for occasions where precise speed or position control is required, such as lithography machines. Researchers from the Massachusetts Institute of Technology (MIT) have applied maglev linear hysteresis motors to lithography machines to achieve contactless linear transport [3,4]. In addition, hysteresis motors have a unique advantage, which is due to the low outgassing properties of the hysteresis rotor [5,6]. For PM motors, the PMs can outgas in a vacuum environment, and these gas particles will eventually attach to other components, such as the wafer in the lithography machine, sensitive electronic, optical components, etc., so as to affect their operation. Therefore, the PMs need to be encapsulated, which requires a relatively complicated secondary design. The rotor of the hysteresis motor is a solid alloy material, which does not have this problem. Similarly, for the equipment in the space station, such as the satellite attitude controller, as well as the medical parts and medical drive equipment implanted in the human body, there are also strict requirements for cleanliness and low outgassing, so hysteresis motors have natural advantages in this respect [7].



On the other hand, the hysteresis material has high mechanical strength and high temperature resistance such that the hysteresis motor can work in a high temperature environment and can run to a very high speed. The turbocharger is an important part used to increase engine power and reduce exhaust gas emissions, and is widely used in different types of vehicles [8]. Electric turbochargers have a maximum speed of more than 100 krpm, and need to withstand high engine temperatures. Scholars from Polytechnic University of Turin in Italy compared the ultimate tensile strength and maximum operating temperature of a variety of hysteresis alloys with permanent magnet materials, indicating the application prospect of hysteresis motors in high-speed and high-temperature scenarios [9]. In addition, this characteristic of hysteresis motor allows it to be applied in high-speed spindle motor and high-end manufacturing fields.



In addition, the hysteresis motor has some other advantages: its rotor structure is simple and reliable with good symmetry, and its rotor dynamic stability is unmatched. Hysteresis motors can be self-started and have nearly constant output torque during the starting of constant frequency.



However, small output torque, low power factor and low efficiency are the inherent defects of the hysteresis motor, which greatly limit its application. Insert PMs in the rotor of hysteresis motor, or replace the rotor core of PM motor with hysteresis material, and then the permanent magnet hysteresis motor (PMHM) is obtained. PMHM has the advantages of high power density and high efficiency similar to the PM motor, and has a self-starting ability using the characteristics of hysteresis torque, usually suitable for industrial occasions, such as fans and pumps [10,11]. The typical structure of PMHM is shown in Figure 5. The shape and location of its PMs are diverse, including flat-shaped, V-shaped, and so on; see Section 3 for details. Usually, different electromagnetic designs make the motor compromise between the starting torque and synchronous torque. However, PMHM loses the advantages of the simple structure and high rotor strength of the traditional hysteresis motor, and because of the demagnetization of the permanent magnet at a high temperature, the temperature tolerance of the motor is reduced. Therefore, the PMHM is closer to the PM motor in all aspects and different from the hysteresis motor in terms of the advantages and disadvantages, application occasions, key problems and so on. The benchmark of PMHM is usually an induction motor, both of which can be started at constant frequency and can work without a position sensor. Compared with the induction motor, PMHM has a higher torque density and lower noise, can run synchronously and more stably [10,12].



In addition, the reluctance effect can also be used to improve the output torque of the hysteresis motor, that is, adding a magnetic barrier on the hysteresis ring, so that the magnetic resistance of the d-axis and the q-axis is different, thus producing a reluctance torque; its typical structure is shown in Figure 6 [13,14]. There are few research works on the reluctance hysteresis motor (RHM), and there has been no relevant research recently. For its in-depth analysis and performance evaluation, it is still very lacking.



The application of various types of hysteresis motors is shown in Table 1, which summarizes representative research results in terms of publication year, country/region, research institution, motor performance and so on. As shown in the table, there are various types of hysteresis motors involving different structures and different types of materials. The torque of the hysteresis motor is usually very small, and the speed can be very high. The torque of the PMHM is relatively considerable.



This paper discusses the different structures of hysteresis motor, respectively. In Section 2, the structure, principle, electromagnetic calculation model and application of the traditional hysteresis motor are introduced. In Section 3, the analytical model, design method and development status of PMHM are introduced. In Section 4, the new structures of the hysteresis motor are introduced. And in Section 5, two key issues related to hysteresis motors, namely hysteresis materials and hysteresis models, are explained. Conclusions and future directions are at the end of the paper.




2. Traditional Hysteresis Motor


The rotor of the traditional hysteresis motor is usually a solid ring or a disk made of hysteresis alloy. Hysteresis torque is the main output torque and usually much larger than eddy current torque.



2.1. Development History


In 1881, physicist James Ewing discovered the phenomenon of magnetic hysteresis and coined the term “hysteresis”. His discovery had a great impact on the study of magnetism in Britain. Since then, researchers at Cambridge University have worked to popularize the electromagnetic theory of ferromagnetic substances. The researchers then showed that the area of the hysteresis loop is proportional to the amount of the energy that hysteresis loses over one magnetization cycle [20], that is,    E loss   ( in    joules )  = V × ∫ H d B  .



As for the operating principle of hysteresis motor, Steinmetz is one of the original discoverers. When he studied the hysteresis loss in the transformer, he found that the hysteresis phenomenon not only causes loss but also produces torque when applied to alternating current motor [21,22]. He gave the conclusion as follows: when the motor is at rest, the torque generated is proportional to the hysteresis loss; in asynchronous operation, the power provided to the rotor is divided into two parts, where one part is the hysteresis loss, proportional to the slip, the other part is the output mechanical power, proportional to the speed. However, the manufacture of hysteresis motors was not completed at that time.



In 1918, Livens revealed an electromagnetic formula that became the basis for hysteresis motors [23]. In 1940, B. R. Teare published a paper on the torque generated by the hysteresis motor [2]. He used the principle of virtual displacement to derive the hysteresis torque of the motor in detail, and explained the transformation of the hysteresis loop during the dynamic operation of the motor. Although these conclusions were obtained under some ideal assumptions, and the calculation methods were not advanced enough at that time such that the calculation is not accurate, the qualitative analysis of the characteristics of the hysteresis motor is sufficient.



The early applications of the hysteresis motor include the record player and electric clock, and later, an important application was the tape recorder. In the 1960s and 1970s, the tape recorder was an important device for data recording, storage and reading [24]. At that time, an important problem to be solved was how to make the tape feed at a constant speed. Since the hysteresis motor can be self-started, once an AC current is applied in the winding, the motor accelerates smoothly and runs at a synchronous speed.



When the information recording developed from sound to image, the limitations of the magnetic tape became apparent, and the application of the hysteresis motor was also limited. So, less research was conducted for a period of time. Later, media information was recorded on compact discs and hard disks, which were driven by permanent magnet motors. Nowadays, because of its excellent characteristics, the hysteresis motor has been applied in a variety of special scenes, and its research value has been explored again.




2.2. Structure and Classification


Since the operation principle of the hysteresis motor was discovered, a variety of structures have been proposed and studied, and the different characteristics brought by different structures have broadened the application of the hysteresis motor. The main categories of the hysteresis motor are shown in Figure 7.



Similar to other motors, according to the direction of the airgap flux, hysteresis motors can be divided into the radial flux hysteresis motor (RFHM, Figure 3) and axial flux hysteresis motor (AFHM, Figure 8). Like other motors, the axial structure is flatter, and in theory can achieve higher torque density and operating efficiency [25], while the radial motor is easier to reach high speed due to the smaller moment of inertia. The stator of the hysteresis motor has no difference from the permanent magnet motor or induction motor. For the axial flux hysteresis motor, a stator-slotless design or even a stator-coreless design can be used, which is less common in the radial flux hysteresis motor.



For hysteresis motors, the rotor core makes a big difference. If there is a core, which means the support in Figure 3 and Figure 8 is a ferromagnetic material, the magnetic flux will pass through the hysteresis material and enter the rotor core as shown in Figure 9a,c because the permeability of the core is usually higher than that of the hysteresis material. At this time, the magnetic flux in the hysteresis material is mainly the radial component (for RFHM) or the axial component (for AFHM). If there is no rotor core, that is, the support is composed of non-magnetic materials such as aluminum, the magnetic flux will only exist in the hysteresis material as shown in Figure 9b,d. For this case, the magnetic flux in the hysteresis material is mainly the circumferential component (for either RFHM or AFHM), so this motor is also known as the circumferential flux hysteresis motor. Figure 9c,d are the equivalent expansion of the rotor of the AFHM along the circumferential direction. In addition, hysteresis motors can also be specially designed for linear motors [26].



From the statistics of the literature, the case of no rotor core is more common because without the core, the magnetic flux is forced to be in the magnetic material and usually a larger area of hysteresis loop can be obtained, thus making the output torque larger. For AFHM, it is even possible to remove the support to simplify the structure and reduce the weight.



The radial structure is the most basic and the earliest structure that was studied. It was adopted in the paper published by Teare in 1940, and many subsequent studies also adopted this structure. The structure of the radial motor is relatively simple, and the relevant research works mainly focus on the calculation of the magnetic field and the output characteristic.



For AFHM, Ahmad Darabi et al. in Iran have achieved a lot, including slotted [18], slotless [27], stator-coreless [28] structure, etc. And the steady-state equivalent circuit models of these motors were derived, which are only different in the flux path, and their modeling assumptions and theoretical forms are very similar to those shown in Figure 10. On this basis, the relevant simulation and experiment were completed, and the influence of the input voltage, frequency and size on the equivalent circuit parameters and the motor performances was revealed. In addition, the optimal values of parameters such as the hysteresis disk thickness and the ratio of the inner and outer radius can be obtained so as to guide the motor design.




2.3. Calculation and Analysis Methods


Like other types of motors, hysteresis motors must be reasonably designed according to the application. In the design, it is necessary to establish an accurate model to evaluate the performance of the motor with different structures and parameters. The calculation methods of hysteresis motor can be divided into the analytical method, finite element method and experimental method, and the analytical method includes the equivalent circuit method and exact analytical method. The calculation here refers to the steady-state performance of the motor, while the transient performance will be discussed later.



The equivalent circuit method is derived from the magnetic circuit method, and its essence is to specify the main flux path, and then solve the flux density on the path according to the flux continuity law and Ampere loop law. On this basis, the relationship between the current, output torque and input voltage could be deduced. The equivalent circuit model is usually combined with the parallelogram model, ellipse model and other approximate hysteresis loop models (see Section 5.2.1). This method is simple and fast, which can be used to estimate the performance of hysteresis motor and to perform parameter sensitivity analysis.



In 1963, Copeland and Slemon constructed the equivalent circuit model of radial hysteresis motors with and without rotor cores with the parallelogram approximation model under some ideal assumptions [29,30] as shown in Figure 11. Subsequently, the equivalent circuit was solved and analyzed, the relationship between the magnetomotive force and the magnetic flux per unit angle was obtained, and the pull-in performance of the motor was analyzed.



Based on an equivalent circuit model, the slotless and coreless axial flux hysteresis motors have been compared in many aspects [31]. The slotless motor has higher efficiency, and the coreless motor has higher power factor. The coreless motor is suitable for high-frequency applications, while the slotless motor has better performance in almost all middle- and low-frequency applications.



In [32], a unified equivalent circuit model of three kinds of hysteresis motors is given, that is, the RFHM without rotor cores, AFHM with rotor cores and AFHM without rotor cores. Then, the corresponding parameters of the three structures are given respectively, and the derivation process are also given. Then, the situation in the rotating dq coordinate system is explained.



In conclusion, the equivalent circuit model can be used for preliminary estimation of the hysteresis motor performance. It can show the relationship between the size parameters and performance, and can also be used for the transient performance calculation if the dynamic process and mechanical transient equation are taken into account. However, this model cannot show the distribution of the magnetic field in space, and because of the need to specify the magnetic flux path in advance, large errors may exist when the structure is relatively complex and the flux path is difficult to judge in advance.



The exact analytical method [33,34] has high precision and a closed solution, which means to solve Maxwell equations or its simplified form in several subregions, with boundary conditions and initial value conditions. This method is also suitable for the hysteresis motor [35] but it is less used because of the complicated magnetic characteristics of hysteresis material. The exact analytical method can show the distribution of the magnetic field in the motor but it requires a deep mathematical foundation. The solution of this method is shape dependent and needs to be reconsidered once the shape changes, and it has trouble dealing with complex geometric shapes. When the structure is irregular and there are too many regions, the equation is too complex to obtain an analytical solution.



The finite element method is to build a geometric model in simulation software, add electromagnetic excitation, and then just run it to obtain a numerical solution of the magnetic field related to space and time. The finite element method has high accuracy and strong robustness, and can be applied to very complex models. Through finite element simulation, the performance of hysteresis motor can be accurately calculated, including the magnetic field, flux density, current density and loss, and parametric sweeping and structural optimization can also be carried out. However, its disadvantage is its long calculation time, which make it unsuitable for rapid calculation and batch optimization.



There are two kinds of finite element models: magnetostatic model and dynamic model. In the magnetostatic model, the basic magnetization curve connecting each vertex of the hysteresis loop is considered the input, and the magnetostatic simulation is performed, and then the average torque and other properties are obtained through certain post-processing methods [36,37,38]. In [39], the 2D magnetostatic simulation for the radial hysteresis motor is completed with FEMM, and the area of the hysteresis loop of each position is calculated based on the maximum radial and tangential flux density, which can be summed to obtain the average torque. The calculation results are similar to the results by commercial software Ansys. By magnetostatic simulation and post processing, only the average torque can be obtained, not the torque wave with time.



In the dynamic simulation model, the parameters of the hysteresis material can be directly introduced into the finite element model, and then just running the model, the magnetic field and the transient waveform of the torque can be obtained. In [40], the permeability tensor as shown in Equation (1) is used to complete the transient finite element simulation of radial hysteresis motor:


       B x       B y      =      μ  x x      μ  x y        μ  y x      μ  y y            H x       H y       



(1)







It is more common to integrate the JA model (see Section 5.2.3) into the finite element model because of the simplicity of the parameters, high precision and the ability to show the saturation and small hysteresis loop. In [41], the steady torque current characteristics are simulated based on the JA model in COMSOL, and in [42], the transient waveform of speed and torque are obtained by integrating the vector JA model into the finite element model.



For AFHM, if the finite element method is used, 3D simulation must be adopted, which consumes a lot of computing resources, so it has not been reported. There is another method, that is, directly building prototypes for the experiments, and performing analysis by the measurement results of torque, efficiency, power factor and so on. The experimental method is the most direct and the most credible method.



In [43], the author constructs 10 kinds of slotless axial flux hysteresis motor for experiments, and obtains the relationship between the line voltage, input power, starting torque, power factor, efficiency and phase current. The main conclusions are as follows: (1) The structure without a rotor core is better than that with a core. To some extent, the structure without a rotor core is more efficient because the flux density in the hysteresis material is larger, and the area of the corresponding hysteresis loop is larger. (2) If there are two hysteresis disks on both sides the stator, rather than a single disk on one side, the motor will have not any improvement on the performance. (3) Increasing the terminal voltage at synchronous speed will reduce the efficiency of all the motors studied.



The disadvantages of the experimental method are the high cost and the long production time. In addition, neither the finite element nor the experiment can clearly reveal the influence of geometric parameters and excitation conditions on the output performance of the motor. The analytical method with higher accuracy and stronger robustness is still an irreplaceable method for the hysteresis motor design.



Through magnetic field calculation, finite element simulation or experiments, the motor performance can be evaluated so as to guide the motor design. However, the above research works only pay attention to the electromagnetic properties but ignore the temperature and stress field. Taking the interaction between multiple physical fields into consideration to improve the comprehensive performance of the motor is the future direction.




2.4. Dynamic Model


For the hysteresis motor, the hysteresis loop of its rotor material may change in the dynamic process, resulting in the change of its output torque. In addition, it is necessary to study its control theory for smooth speed regulation.



2.4.1. Dynamic Electromagnetic Model


For the analytical calculation of the dynamic process, the common method is still the equivalent circuit. In [32], the equivalent circuit constructed by Miyairi and Kataoka [44] is extended to the rotating dq coordinate, and the dynamic voltage equation related to the rotational speed is given. By the equivalent circuit equation together with the torque equation and the speed equation, the transient process caused by the change of torque and load can be explained.



When the speed increases steadily, the torque remains constant because the hysteresis angle is limited to a certain maximum value (40   ∘   in this paper). This is not in line with the usual fact. However, the basic dynamic characteristics is shown in this model; when the synchronous speed is reached, the speed is basically stable, and the torque gradually converges to balance with the load.



Darabi [45] equates the three-phase winding to two phases, and completes the dynamic equivalent circuit as shown in Figure 12. Moreover, the influence of the input voltage on the shape of hysteresis loop is considered, so the equivalent circuit parameters are set to be changing with the input voltage. In this model, the rotor hysteresis is embodied in hysteresis resistance   R h   and reactance   X r  , and   R e   is the eddy current resistance,   X m   is the magnetized reactance,   R c   is the iron loss resistance,   r s   is the stator resistance, and   X s   is the stator leakage reactance, respectively. The power on   R e   and   s  R h    is the rotor loss, and the power on    ( 1 − s )   R e  / s   and    ( 1 − s )   R h    is the mechanical output power by eddy current and hysteresis. As the speed increases, the hysteresis loss decreases, the hysteresis torque increases, the eddy current loss decreases, and the eddy current torque has a maximum value. The speed and torque curves are then calculated by this model. The motor is initially started at rated voltage, with a load of 0.1 Nm, and then the load step jumps to 0.2 Nm at 4 s; at the same time, the speed drops slightly but soon returns to stability. In [46], a method to improve the response speed of axial flux hysteresis motor is proposed, that is, to attach a thin copper sheet to the bottom of the hysteresis disk, and its eddy current torque can help.



A. Halvaei Niasar [47,48] evaluated the previous equivalent circuit models and proposed an improved equivalent circuit model, which could not only consider the influence of the stator voltage but also the influence of the load torque on the hysteresis angle.



The transient process of the hysteresis motor can also be realized in the simulation software. In [42], the vector JA model is integrated with a 2D finite element model, and the speed and torque of the hysteresis motor are simulated, with considering the coupling of magnetic field and circuit, as well as the mechanical equation. The motor starts from a no-load state and reaches the synchronous speed of 1200 rpm. When the load torque of 0.64 Nm is applied at 0.93 s, transient behavior occurs, and the speed is finally 1190 rpm.



In [49], a time-domain finite-boundary element method using COMSOL is proposed, which avoids the permeability discontinuity in the finite element equation when the rotor is rotating and improves the stability and accuracy of the simulation. The JA model is used in the time-domain simulation for the starting process, and the complex permeability model is used in the frequency domain. The time-domain results are more accurate and reliable, and the frequency model is cheaper to calculate.



Finally, two phenomena related to the transient process of the hysteresis motor are discussed, namely hunting and overexcitation. Hunting refers to the phenomenon that the rotor vibrates around its synchronous speed when it is pulled in synchronization or the load is suddenly increased or decreased [50]. Motors with harder (wider hysteresis loop) hysteresis materials not only have a larger output torque but also lower hunting [51]. The friction resistance and wind resistance can affect the dynamic process [52]. When the friction and wind resistance decrease, the time to reach synchronous speed decreases but the time to gradually stabilize after that increases.



If the motor is overexcited for a short time in the synchronous state, it can run with reduced stator current with a higher synchronous torque [53]. The mechanism of this phenomenon can be explained from the trajectory of each point on the hysteresis loop [54]. After overexcitation, the motor behaves like a permanent magnet synchronous motor, with a linear relationship between torque and current [41], and the efficiency of the hysteresis motor can be improved [49,55,56,57].




2.4.2. Dynamic Control Theory


Up to now, the general motor control method most commonly used has been vector control. Different from the PM motor, the magnetization state of the hysteresis rotor is affected by the stator magnetic field when the hysteresis motor works in the asynchronous state; the rotor flux direction should be oriented in the dynamic control process, which is a critical step in the hysteresis motor control.



Scholars from MIT established a control model based on magnetic field orientation [3,4]. Three methods for rotor flux orientation are given. The first is to directly use the rotor mechanical angle instead, which assumes that the magnetization state of the rotor is fixed, similar to the case of the permanent magnet synchronous motor. This method can be used at low speed without large error but not at high speed. Overexcitation can improve the accuracy of the method, as it will help to keep the rotor magnetization fixed on the d-axis. The second is to estimate the flux from the measured EMF because as the magnetized rotor rotates, a voltage is induced in the stator windings. This method is better at high speed because as the speed increases, EMF gradually increases, which is conducive to estimating the rotor flux. However, the magnetic saturation will lead to nonlinear changes in the rotor flux and inductance, affecting the estimation results. The third is to construct the Luenberger observer through the state-space model. This method has good accuracy in a wide speed range, and the experimental results are the best among the three methods. Its disadvantage is that properties of the rotor material must be known, so it is not suitable for commercial motors. And this method is very sensitive to the model parameters, which means the performance will significantly reduce when the parameter is inexact.



In the case that the motor parameters or material properties are unknown, an idea is to combine the first two methods, using method 1 at low speed and method 2 at high speed. However, it is difficult to define the boundary between low speed and high speed. For smooth switching, the following way can be used:


   θ ^  =  ( 1 − S  (   ω r   −  ω r  s w   )  )   θ r  + S  (   ω r   −  ω r  s w   )   )    θ ^   E M F    



(2)




where   ω r   is the rotor speed,   ω r  s w    is the speed threshold of the switching method,   θ r   is the rotor mechanical angle measured by the position sensor,    θ ^   E M F    is the flux angle estimated by EMF, and   θ ^   is the synthetic rotor flux angle. The resultant function   S  ( x )  = 1 /  ( 1 +  e  − x   )    is a smooth function that changes from 0 to 1.



On the basis of the rotor flux estimation, the control model can be constructed in the rotating dq coordinate as shown in Figure 13, and its main feature is the flux observer. The experimental results show that the control effect is satisfactory whether switching between method 1 and method 2, or using method 3 directly.



Scholars from Polytechnic University of Turin also studied the transient model and closed-loop control of the hysteresis motor by using the Luenberger observer, and gave a detailed Simulink diagram, showing the structure and description of each sub-system, which is easy to understand [58].



In the above control methods, the rotor position is needed because the variables related to the speed are involved in the observer’s state equation. Sensorless control can also be used for the hysteresis motor, where a model reference adaptive system (MRAS) is used to estimate the rotor speed [59,60].



For traditional hysteresis motors, the possible future works are as follows: (1) Improve its output torque through innovative structural design or new materials. (2) Seek a balance between the accuracy, rapidity and scalability of the calculation method by combining several calculation methods, or introducing the reduced-order model into the calculation of the hysteresis motor. (3) Apply the modern control technology, which is mature in the permanent magnet motors and induction motors to the hysteresis motor, to improve the accuracy of the magnetic field orientation, the control stability and response speed. (4) Explore more application scenarios requiring the unique advantages of hysteresis motors to promote its development.






3. Permanent Magnet Hysteresis Motor


Different from the traditional hysteresis motor, the permanent magnet hysteresis motor (PMHM) has hysteresis torque and permanent magnet torque at the same time because there are several permanent magnets (PMs) in its rotor. The common design is obtained just by replacing the material of the rotor core in the PM motor with hysteresis material, and the purpose is to give a self-starting ability to the PM motor. During the starting process, the constant magnetic field of the permanent magnet produces the braking torque, which increases the complexity of the analysis. Therefore, the key problem of the PMHM is the dynamic model.



3.1. Structure and Classification


Similar to the hysteresis motor, the support inside the hysteresis ring in the PMHM can also be ferromagnetic or nonmagnetic, that is, with or without a rotor core. The difference is that the direction of the airgap flux of the PMHM is mostly radial. As shown in Figure 14, the PMs in the PMHM can be arc-shaped, flat and V-shaped.



Different from PM motor, the PMs in PMHM are hardly surface mounted as shown in Figure 15a but interior in the core as shown in Figure 15b. This is because, for PM motors, the interior structure will increase the flux leakage and reduce the synchronous output torque. And for PMHM, the surface-mounted structure will make the magnetic field in the hysteresis ring mainly be determined by the permanent magnet and difficult to be affected by the stator current, thus reducing the starting torque. The permeability of the hysteresis material is not as high as that of the silicon steel, so the flux leakage is not as obvious as for the permanent magnet motor.



As shown in Figure 16, a PMHM structure with an air cavity was proposed from the needs of electric vehicles [16]. Compared with the traditional permanent magnet motor or hysteresis motor, this combination has obvious advantages for self-starting and smooth operation. The finite element analysis shows that compared with 36% cobalt steel, the loop area of 17% cobalt steel is smaller, and the motor made is slightly slower to start. The structure without a permanent magnet added starts more smoothly and faster, but the torque output is insufficient [61]. Equivalent current and control models are seen in [62].



A PMHM with arc-shaped interior PMs was designed for an electric submersible pump (ESP) used in downhole operations in offshore and onshore oil fields [11,12]. The induction motor used in the past has the problems of poor power quality, poor thermal stability and low efficiency. The vibration caused by mechanical stress during starting often leads to motor failure and shaft failure. It is very inconvenient and costly to replace motor parts under the sea. Similar to the induction motor, PMHM has a self-starting ability and can work without a position sensor. In addition, PMHM has higher efficiency, higher reliability, simpler manufacturing and lower cost [63], so it can meet the requirements of ESP. The finite element and experimental results confirm the design correctness and self-starting ability of the motor [64].



As shown in Figure 17, a structure is designed for pump applications [10], whose PMs are between the inner and outer layers of the hysteresis material. Simulated and experimental results show that the volume is reduced by half, and the operating noise is lower, while its performance is on par with the induction motor.



For pump applications in [10], the stator/rotor lengths of the induction motor are about 170 mm, while the lamination length of the PMHM is only 70 mm. The cost of the PMHM is USD 160, less than that of the induction motor, USD 175. During work, the speed of the induction motor is 2810 rpm, while the speed of the PMHM is 3000 rpm, that is, the synchronous speed. The efficiency of PMHM is 79%, which is higher than that of the induction motor at 72%. The power factor of PMHM is 0.86, which is higher than that of the induction motor at 0.73. The torque ripple of PMHM is 16%, which is lower than that of the induction motor at 20%. The static head of PMHM is 55 m, which is higher than that of the induction motor at 50 m. From the above data, PMHM has comprehensive advantages over the induction motor. However, the starting speed of the PMHM needs to be improved. The performance of the two in other scenarios needs to be compared.



For the interior structure, the PM shape could also be flat (Figure 5) or V-shaped (Figure 18). The analysis and experiment [65,66] show that in the case of the same amount of the permanent magnet, the V-shaped structure allows more magnetic flux to be concentrated in the airgap, which can reduce the flux leakage and improve the output torque. In other words, in the case of the same output, the V-shaped structure can reduce the amount of permanent magnet. In addition, the V-shaped structure can have a more flexible adjustment so as to obtain more choices in the airgap magnetic field waveform, torque fluctuation, rotor stress and so on.



In the above structures, the hysteresis ring is mounted on a non-magnetic support (usually aluminum), forcing the magnetic flux in the hysteresis ring mainly along the circumference, which is called the circumferential flux motor. And the structure, by just replacing the support body with a laminated silicon steel, is the radial flux motor [66]. Comparison shows that the radial flux structure has higher starting torque and synchronous torque than circumferential flux motors with a similar structure. Therefore, radial flux motors have higher efficiency and power factor [67].



In addition, there is another structure which adds a sleeve made of hysteresis material outside the rotor of the permanent magnet motor to form a permanent magnet hysteresis motor [68] as shown in the Figure 19. Compared with the above structures, the advantage is that the hysteresis ring acts as a sleeve so that the motor can easily run at high speed. This motor has a torque greater than 0.2 Nm and is able to run at a synchronous speed of 50,000 rpm. Design optimization and prototype experiments have also been conducted.




3.2. Dynamic Model


Since the PMHM is designed to give the self-starting ability to the PM motor, it is important to study the change of current, torque and speed during its starting process, which relies on the dynamic model of the motor. Both the equivalent circuit method and finite element method could work. The former has fast calculation, while the latter is more accurate with slow speed.



For the permanent magnet hysteresis motor, its dynamic equivalent circuit is similar to that of the hysteresis motor, but the d-axis and q-axis circuits are no longer the same due to the addition of PM. In the d-axis equivalent circuit, the PM, as a magneto-motive force source, can be represented as an external constant current source   I m   as shown in Figure 20. And the equivalent circuit of q-axis is still as shown in Figure 12.    I  q s    E  ω q   −  I  d s    E  ω d     is the output power by PM, whose average is zero in asynchronization because the direction of   I  d s    and   I  q s    is alternating, and only in synchronization there is a stable output power by PM. Combined with the mechanical transient equation, the dynamic response process of the motor can be calculated.



The starting and other dynamic processes of PMHM can also be simulated by the finite element model, which could be compared with the calculated and experimental results. Mainly positioned in industrial occasions, PMHM usually operates in a sensorless state, so its control model is not researched much. As for the closed-loop control, see [62,69].



For permanent magnet hysteresis motors, the possible future works are as follows: (1) Analyze the influence of permanent magnet shape and position on the motor performance. (2) Explore the combination of permanent magnet materials and hysteresis materials with different hardness. (3) Apply the multi-objective optimization method and topology optimization technology to explore more possibilities, and seek a balance between the starting torque and synchronous torque. (4) Make a more comprehensive comparison between the permanent magnet hysteresis motor, induction motor and squirrel-cage-assisted self-starting synchronous motor in different applications.





4. New Hysteresis Motor


Unlike the various types of hysteresis motors described earlier, there are also some innovative hysteresis motors with new structures. Related research still needs to be conducted in depth, which means that they have great potential for exploration.



4.1. Hybrid Magnetic Flux


In order to improve the self-starting torque, output torque and efficiency, and to improve space utilization, the rotors of AFHM and RFHM can be hybridized to make more full use of the stator magnetomotive force [19]. This structure is evolved from the single-sided axial flux hysteresis motor (AFHM) in Figure 21a. A hysteresis ring is added to the inside of the stator, that is, to form the hybrid flux hysteresis motor (HFHM) as shown in Figure 21b, which can utilize both the axial and radial components of the flux, making both arms of the coil useful. From the torque theory, the torque of the hysteresis motor is proportional to the volume of the hysteresis material, and the hybrid structure increases the effective volume of the hysteresis material, so a larger output torque can be obtained.



For the hybrid structure, it is necessary to make the stator core have isotropic magnetism, and have uniform magnetic characteristics in both axial and radial directions to form a flux path in both directions. There are two types of materials with such properties. The first type is soft magnetic composite material, which can be regarded as ferromagnetic powder particles surrounded by electrical insulating film. The second type is soft ferrite, which is a ceramic compound formed by the chemical combination of iron oxide with one or more additional metal oxides (such as MnO). Soft ferrites are relatively cheap and have high permeability, so soft magnetic ferrites (Mn-Zn) are chosen in the paper. At the same time, because the conductivity of Mn-Zn ferrite is much lower than that of the steel material, it will not produce a large core loss, even at high frequency, so the motor can achieve higher efficiency.



Subsequently, the author proposes a motor structure with a hybridization of radial external rotor and axial rotor, called the reverse hybrid flux hysteresis motor (RHFHM) [70] as shown in Figure 22. In the case of the same volume, compared with HFHM, this structure increases the effective volume of the radial rotor, thus improving the torque current ratio, and also improving the motor efficiency. The structure is separated into axial and radial planes, and the performance of the motor is calculated by using the hyperbolic approximation model of the hysteresis loop, considering the 2D Cartesian coordinate system and the cylindrical coordinate system, respectively.



Although the above structures are theoretically feasible, the manufacturing is too complex to be suitable for industrial applications. In addition, the 3D magnetic field distribution, parasitic loss and so on have not been accurately described. Therefore, possible improvements lie in more detailed analysis and structure simplification.




4.2. Combined Torque Type


Another new structure is to combine the hysteresis motor with other types of motor, and the main goal is to improve the output torque of the hysteresis motor, including the combination of the hysteresis motor and reluctance motor, as well as the combination of the hysteresis motor and permanent magnet motor. Different from the aforementioned RHM and PMHM, their torque combination does not affect the respective magnetic fluxes but are almost independent of each other.



Replacing a disk of the double-sided rotor axial flux hysteresis motor with a reluctance disk, as shown in Figure 23a, can improve the output torque so as to improve motor efficiency and avoid hunting [71]. In this structure, the stator core is slotless because the slots will lead to fluctuations of flux density in the airgap, thereby increasing parasitic losses and reducing the efficiency of the motor. However, the starting of this structure is slower than that with a double-sided hysteresis motor because the hysteresis torque component is reduced, and the reluctance torque will increase the torque fluctuation in asynchronization. In applications requiring higher operating efficiency, the disadvantages of a long starting time can be accepted.



Similarly, there is a combination of the hysteresis motor and PM motor, that is, a hysteresis disk and a surface-mounted PM rotor [72,73], as shown in Figure 23b. The motor does not have the asymmetry of the d-axis and q-axis reluctance because of the surface-mounted structure, which reduces the torque fluctuation and motor noise. As a result, the motor is ideal for high-speed and high-power applications, such as high-power centrifuges. For the combined structure, the stator magnetomotive force of each phase is equal to the sum of that in the two airgaps, and its equivalent circuit can be combined in series by that of the hysteresis motor and the permanent magnet motor. The structure makes the permanent magnet motor and the hysteresis motor complement each other, and the experimental results confirm the validity of the design.



There is also a structure of segmented combination on the radial motor [74], which can also synthesize the performance of the permanent magnet motor and the hysteresis motor. The influence of different permanent magnet arrangements on the performance of the motor is analyzed.



The common feature of these new combined structures is a performance trade-off between several different types of motors. However, these structures are not fundamentally innovative, and some inherent advantages of hysteresis motors are destroyed. What is more, the possible application scenarios and the practicability are not clear, the advantages need to be further explored, and detailed designing and optimization need to be carried out.




4.3. Bearingless Type


Bearingless motors are especially useful in pump applications, such as blood pumps or high-purity chemical experiments, which require contactless and pollution-free operation. The bearingless design can further expand the advantages of a simple structure, low noise and cleanliness. In [7], a bearingless slice hysteresis motor is designed. The suspension force is generated by the radial flux through the rotor from a unipolar permanent magnet, which is similar to the flux-biased magnetic bearings as shown in the Figure 24a, and both vertical deflection and rotation (including pitch and roll) can be passively balanced as shown in Figure 24b. The torque is generated by a 6-pole rotating magnetic field on the stator, which will not interfere with the suspension force. The two are decoupled. The control of suspension and rotation does not require angle sensors and commutation, which is conducive to reducing the cost of the whole system. Compared with other permanent magnet motors used for blood pumps, the torque output of the motor is insufficient, at only 2.67 mNm, but the stiffness and maximum speed are comparable to the prior technology, and the advantage is that the output torque of the hysteresis motor is smooth and stable.



The prototype experiment confirm the feasibility, but the control stability and mechanical structure design need to be further studied. If it is applied to the blood pump, the setting of the blood circulation path, the configuration of working mode and the installation of medical scene are still problems that need to be solved.



Similarly, for vacuum transportation in precision manufacturing systems, such as the lithography machines, hysteresis motors also show significant advantages in terms of smoothness and cleanliness. The magnetic levitation technology avoids the risk of contamination from mechanical contact. In [26], a linear bearingless slice hysteresis motor is designed for the linear transport platform in vacuum. Although it is different from the above blood pump motor in structure, its suspension principle is just similar as shown in Figure 25. The magnetic flux in the x direction enables the platform to passively levitate in the z direction, while the propulsion direction is in the y direction, and the platform’s deviation in the x direction is actively controlled. In this structure, a short secondary made of hysteresis material is used. The hysteresis effect makes the magnetization of the secondary lag behind the stator’s magnetic field in space, thus generating thrust. The secondary is usually pre-magnetized by a larger stator current pulse to improve the thrust generation ability.



Different from the rotary motor, there is an end effect in the linear motor, that is, the end of the secondary will be attracted by stator teeth due to the magnetic force, which will introduce a reluctance thrust and change the thrust characteristics of the hysteresis motor. For applying to the lithography machine, it still needs some improvement. The damping of passive suspension is relatively low, and additional dampers should be considered. The displacement sensor and magnetic encoder in the vacuum environment need to be improved.



There is a special structure in the bearingless hysteresis motors, that is, the spherical hysteresis motor, which can be used for attitude control of the spacecraft. In the flight control of the spacecraft, the rotation action requires an external torque, which is usually provided by the reaction wheel. In order to achieve attitude control with all degrees of freedom, at least three reaction wheels are usually required in the system. A magnetically suspended reaction sphere (MSRS) can be used as an alternative to reaction wheels for spacecraft attitude control, which allows independent acceleration on any axis by controlling a 3D spherical motor. Without the gyroscopic coupling of multiple reaction wheels with fixed rotating axes, all the attitude of the spacecraft can be controlled by a single device. In addition, the rotor is suspended in all directions, and magnetic levitation eliminates mechanical friction, which can extend the life of the equipment.



In [15], a preliminary study of 1D-MSRS motor is conducted. The 1D-MSRS consists of three subsystems: (1) magnetic levitation system of single degree of freedom for vertical suspension of spheres; (2) bearingless motor systems for lateral suspension of spheres; and (3) hysteresis motor for driving the rotor to rotate around the vertical axis. In the design and analysis of 1D-MSRS, these three subsystems are considered decoupled, i.e., interactions between subsystems are treated as interference. In 1D-MSRS, the lateral suspension of the rotor is achieved by a bearingless motor, which has two sets of windings on one stator. By correctly configuring and controlling the current in these windings, the motor can generate radial forces for the lateral suspension and a rotating magnetic field to rotate the rotor.



Compared with the commercial reaction wheels of small satellites, spherical bearingless hysteresis motors are better balanced, can operate at higher speeds (up to 12,000 rpm in the presence of air resistance) and consume less power in stable operation but have a lower output torque capacity.



The bearingless hysteresis motors are innovative and have great potential for special occasions. However, the analysis for them is not enough, and there is still a lot of work to be conducted in material selection, electromagnetic structure optimization, cooling structure design and so on. In addition, the control of this kind of motor is also a problem. The decoupling model and the control method with high precision, high stability and fast response need to be further studied.





5. Research on Key Issues


In this section, the hysteresis materials and hysteresis models are discussed. On the one hand, the hysteresis material of the rotor has a decisive influence on various types of hysteresis motors because the hysteresis torque is proportional to the area of the hysteresis loop. And because there are many types of hysteresis materials available, the comparison and the selection of the materials are quite important. On the other hand, the hysteresis phenomenon is the main principle of hysteresis motors, so the hysteresis model is crucial to accurately describe the hysteresis and calculate the motor performance. These material-related characteristics, models and methods are the premise of motor design and control.



5.1. Hysteresis Materials


Hysteresis materials, also known as hysteresis alloys and semi-hard magnetic materials, refer to magnetic materials with coercive force between 800 A/m and 20 kA/m [75]. In fact, there is no strict boundary between soft magnetic materials, hard magnetic materials and semi-hard magnetic materials. Figure 26 shows the hardness order of common magnetic materials, and the material of the hysteresis motor rotor has a variety of choices, including tool steel, AlNiCo, FeCrCo, FeCoV and so on.



The properties of some typical hysteresis alloys can be found in [76,77]. And the Chinese standard for the hysteresis alloy and properties can be seen in [78], including FeCoNiV (2J4), FeCoV (2J7∼2J12), FeCoMo (2J21∼2J27) and FeMnNiMo (2J53).



The materials shown in the table may be semi-hard or permanent magnet materials. And it is more appropriate to distinguish them by whether they are driven by hysteresis loops in their operation or remain magnetized in a fixed direction.



Rotor materials have a crucial impact on the performance of hysteresis motors, such as the output torque, volume, loss and efficiency. The hysteresis torque is proportional to the area of the hysteresis loop, so the material with a wider hysteresis loop should be selected for torque enhancement. To be specific, the material with a large hysteresis loop area under the same amplitude of flux density should be selected.



For two prototypes with very similar geometric parameters, there are obvious performance differences due to the different hysteresis materials used. In [2], the motor with 36% cobalt steel has a larger output torque than that with 3% chrome steel at the same current; that for 36% cobalt steel has a larger hysteresis loop at the same flux density amplitude.



However, materials with wider hysteresis loops have lower permeability, greater parasitic losses, and, in addition, require a larger magnetizing current, resulting in a lower power factor [79].



In addition, the strength and temperature resistance of hysteresis materials should be taken into account. High mechanical strength and high temperature resistance are excellent characteristics of hysteresis alloys, which allow hysteresis motors to operate at high speed and to be used in some harsh environments. With turbochargers as the application background, scholars from Polytechnic University of Turin compared the ultimate tensile strength and maximum operating temperature of a variety of hysteresis alloys with permanent magnet materials [9]. The tensile strength of hysteresis materials is much higher than PMs, such as NdFeB and SmCo. And the working temperature of hysteresis materials can be 400∼500 °C, which shows the application prospect of the hysteresis motor in high-speed and high-temperature scenarios.



Finally, for material selection, it is also necessary to consider its process complexity, plasticity and economy, which are rarely involved in common research works. In short, the applicability of the hysteresis materials in hysteresis motors needs to be determined according to specific application scenarios and needs. Many factors need to be considered comprehensively; usually, a compromise between torque density and efficiency is important for motor optimization.



In addition to the reasonable selection of hysteresis materials, it is also important to study the technological improvement on material properties. The heat-treatment temperature, cooling method, cutting process and grinding process may affect the properties of the hysteresis alloy, and the most suitable process conditions can be found through experiments [80,81,82]. Increasing or decreasing the element content in the alloy also helps improve the performance of the hysteresis alloy, for example, adding Cr and reducing V can improve the coercivity of 2J4 alloy [83]. Researchers from Baikov Institute of Metallurgy and Materials Science of the Russian [84,85,86,87,88] have contributed a lot to the improvement of the preparation process of a variety of hysteresis materials, including different heat-treatment conditions, and different element content, as well as the difference between the induction melting method and powder metallurgy method. By the cross combination of a variety of test conditions, the influence of process factors can be fully explored [89]. However, the team’s work only focused on FeCoCr alloys with different element contents, and the results of each study are not closely related to each other, lacking a uniform and universal conclusion.




5.2. Hysteresis Model


In the research and modeling of other motors, hysteresis effects are often ignored because using a single-valued BH curve is effectively enough for soft magnetic materials. However, the hysteresis effect is the mechanism on which the hysteresis motor generates torque, and the output torque is proportional to the area of the hysteresis loop. The influence of magnetic field harmonics and speed changes during dynamic operation on torque can also be explained by the changes of the material hysteresis loop. Therefore, the modeling of hysteresis itself is indispensable for the performance evaluation of the hysteresis motor. The multi-value and nonlinear characteristics of hysteresis loops undoubtedly increase the complexity of modeling, so the expression of hysteresis loops must be clarified. Most of the early studies use approximate methods, such as parallelogram approximation and ellipse approximation, which can express hysteresis characteristics but are not accurate enough. In recent years, many studies have modeled hysteresis based on relatively accurate and complex numerical methods, such as the Preisach model and Jiles–Atherton model. In fact, the hysteresis model is essentially a mathematical model, and besides electromagnetism, it has a wide range of applications in other disciplines, such as mechanics, materials science, biology, economics and social science [90].



5.2.1. Approximate Model


Due to the complexity of the hysteresis loop, the relationship between flux density B and magnetic field strength H cannot be described by a single mathematical equation. To simplify, various types of approximation methods have appeared to replace the irregular BH curve in the real case.



The rectangular approximation is the simplest form, as shown in Figure 27a, which only need two basic parameters, that is, coercivity   H c   and remanence   B r  , suitable for magnetic materials with a ratio of the remanence and saturation flux density greater than 0.8. Because of its lack of accuracy, it is almost never used in calculation, just as a theoretical model.



The parallelogram approximation model was first used by Copeland and Slemon, and needs four parameters, namely coercivity   H c  , remanence   B r  , unsaturated permeability   μ 1   and saturated permeability   μ 2   as shown in Figure 27b [29]. This model is relatively simple and can show the hysteresis characteristic of the flux density relative to the magnetic field in calculation, which is helpful for qualitative analysis of the motor. However, the model is piecewise linear; when it is necessary to consider the distribution of the magnetic field in space, there is a certain inconvenience in the piecewise calculation. In addition, even if the magnetic motive force is sinusoidal, the flux solved by the model will contain a large number of harmonics. Subsequently, this model has been adopted, modified and improved by some studies [91].



The elliptic approximation model is shown in Figure 27c. In this method, the waveforms of the magnetic field and flux density are approximated to sinusoidal functions, and the harmonic component is ignored, so the BH curve is elliptical. Let the magnetic field   H =  H m  sin  ω t    and flux density   B =  B m  sin  ( ω t − γ )   , respectively, then the material can be described by two parameters, that is, permeability   μ =  B m  /  H m    and hysteresis angle  γ . Permeability determines the angle of the ellipse’s major axis, and the hysteresis angle determines the slenderness ratio of the ellipse. The remanent and coercive in this model are not fixed but vary with the amplitude of the magnetic field. By letting the area of the ellipse be equal to the area of the real hysteresis loop obtained by the experiment, a fairly high precision can be achieved in the calculation of the steady-state torque.



This model is convenient for calculation and equivalent circuit construction because the field strength and flux density are continuous smooth functions, and the hysteresis characteristics can be converted into resistive components in equivalent circuits. Because of its simplicity and ease of use, it has been widely used, starting from Teare’s paper [2] and many subsequent studies [27,32,92].



The above approximate models can be used to estimate the performance of the motor in a steady state to some extent. However, the real magnetic field distribution cannot be obtained. In addition, the these models may be inaccurate when the flux path is complex. Despite some limitations, the approximate models provide a good starting point for hysteresis motor modeling.




5.2.2. Preisach Model


As one of the earliest and most widely used hysteresis models, the Preisach model was proposed by Ferenc Preisach in 1935, but it was not widely used until 1988, when Mayergoyz’s classic work appeared [93,94], and the model was expanded in more detail in Mayergoyz’s book of 1991 [90]. In the Preisach model, the magnetized state of a material is represented by a large number of hysterons, each of which can be assumed to be a discrete state that is either positive or negative and has two thresholds for up and down as shown in Figure 28a. When a sufficiently large magnetic field is applied, some hysterons will flip their states, and the output of all hysterons is summed with weights to represent the flux density. This model can correspond to the points on a half plane, and the weight can be expressed by density function   μ ( α , β )  , as shown in Figure 28b, so the output can be expressed as follows:


  B  ( t )  =     ∫   ∫     α ≥ β   μ  ( α , β )  γ  ( α , β )  H  ( t )  d α d β  



(3)







For the Preisach model, the most critical parameter is the weight  μ , which is a function of  α  and  β . It is complicated to determine its weight function. For engineers, it is not sufficient to model a material according to the data provided by the manufacturer or the general test results. For parameter identification, special experimental tests should be designed to obtain the reversal curves. In the classical Preisach model, the wiping out and congruency are necessary and sufficient conditions to represent the actual hysteresis. By modification, its scope of application can be extended. There are also studies on frequency dependence [95,96,97] and finite element integration [98,99] of the Preisach model.



At present, the Preisach model is not directly used for the hysteresis motor calculation but only used in the post-processing program to calculate the motor torque. That is, the flux density distribution in the hysteresis material is calculated using the basic magnetization curve and static simulation model, and then the hysteresis loop area at each position is calculated with the Preisach model [38,52]. This is because in the finite element model, the BH constitutive relation needs to be performed on each mesh grid at every moment, so the BH relation must be very simple.




5.2.3. Jiles–Atherton Model


The Jiles–Atherton model (JA model) appeared in the early 1980s as a model specifically designed to describe the pinning and rotation of the domain in ferromagnetic materials, and is related to the physical mechanisms of magnetization dynamics [100]. The model was widely known after its introduction by SPICE, one of the most popular general-purpose analog electronic circuit simulators on the market. In SPICE, the Jiles–Atherton model can be used to simulate the magnetic cores of inductors, transformers and other components containing ferromagnetic materials. Jiles and Atherton’s original work contained many descriptions of magnetization theory in complex forms, and the model was later refined and simplified to be easier to understand, and the mathematical notation was modified to the form commonly used today [101].



The JA model has five parameters, they are saturation magnetization   M s   (A/m), domain wall density a (A/m), average energy to break pinning site k (A/m), magnetization reversibility c and interdomain coupling  α . Figure 29 shows the calculation results of JA model, which means various hysteresis loops can be obtained by adjusting the parameters.



The non-hysteresis curve in the JA model is the Langevin function, and as long as it conforms to experimental data, other forms of functions can also be used as non-hysteresis curves [102], such as the Brioullin function, Erf function, etc. [103]. Different types of curves are suitable for materials with different internal structures (for example, polycrystalline, amorphous, nanomaterials, etc.), and the accuracy of the model on small loops can be further improved by selecting the appropriate form of the non-hysteresis function [104].



For the parameter identification of the JA model, the slope and intercept on the tested hysteresis loop can be used. In most cases, this method can successfully determine the value of the parameters, and the error is within a few percentage points [100,105]. Intelligent optimization algorithm can also be used to accomplish this work by setting the error minimization function [106,107]. There are also related studies on the frequency dependence [108,109,110] and temperature dependence [111] of the JA model.



The JA model can simulate the magnetization process of ferromagnetic materials well, has strong practicability and accuracy, and is suitable for hysteresis motor and other electromagnetic devices involving the hysteresis phenomenon. This model has only five parameters, and can be conveniently integrated in the finite element calculation. For example, COMSOL contains the hysteresis relationship based on the JA model [112], which could be used to analyze and design the hysteresis motor, including the magnetic field in the rotor, output torque and other performance results [41]. In [42,49], the JA model and finite element model are used to simulate the dynamic performance of the motor in the starting process. The problem of the JA model is that the shape of the hysteresis loop is very sensitive to the model parameters, which may produce larger errors over the course of use than when the parameters are fitted.



To sum up, approximate models can be used for preliminary estimation without high accuracy. Both the Preisach and JA models have good practicability and high accuracy. The JA model is supported by magnetic domain theory and has more concise parameters. In addition, the JA model has superiority over the Preisach model in parameter fitting [113]. However, the Preisach model is more accurate in dealing with small loops than the JA model [114]. In [115], the tests on various materials under sinusoidal and non-sinusoidal excitation are used to compare the accuracy of the JA model and Preisach model. The JA model is worse in accuracy than the Preisach model, especially for non-sinusoidal excitation because the small loops of the JA model cannot be completely closed, but the JA model is faster in computation and better in numerical realizability.



Moreover, the JA model is easier to be integrated with the finite element method. Therefore, the JA model has been used the most in recent studies. In addition, the Hauser energy model, Bouc–Wen model, Stoner–Wohlfarth model, Coleman–Hodgdon model, and Globus model have also been used to describe the hysteresis of materials. Due to the complexity and poor applicability, they are not widely used in hysteresis motors.






6. Conclusions and Future Directions


According to the different structures of the hysteresis motor, this paper introduces the characteristics, analysis methods and research statuses of the traditional hysteresis motor, permanent magnet hysteresis motor and new hysteresis motors. For the traditional hysteresis motor, the main advantages are high temperature resistance and high speed, and the research mainly focuses on the calculation of the magnetic field and output characteristics because their structural is relatively simple. For the permanent magnet hysteresis motor, the main advantages are high torque density and self-starting ability, and the key problem is the rapidity and stationarity of the starting process, so many studies are carried out for the dynamic model theory. For new hysteresis motors, including the flux hybridization type, torque combined type and bearingless type, the first two are mainly meant to increase the output torque of the hysteresis motor, and the bearingless type is mainly meant to improve cleanliness and reduce pollution. The new designs open up new directions for the development of the hysteresis motor, and the relevant theory still needs to be improved. Finally, two key issues affecting the performance of hysteresis motors are discussed, namely, hysteresis materials and the hysteresis model. With regard to hysteresis materials, it is necessary to clearly understand their electromagnetic, temperature and stress characteristics in order to select suitable materials in motor design. And different hysteresis models vary in complexity, calculation accuracy and calculation speed, so it is appropriate to choose a hysteresis model according to needs.



The future research of hysteresis motor is mainly concentrated in the following aspects:




	
Improve the output torque and efficiency of traditional hysteresis motor through the reasonable design of an electromagnetic structure and development of an innovative structure.



	
Combine the advantages of the traditional hysteresis motor and other motors to expand more application scenarios.



	
Develop a more accurate, fast and versatile analytical calculation program of the hysteresis motor, declare the coupling relationship between temperature rise, stress and electromagnetism.



	
Develop new hysteresis materials to improve electromagnetic properties, thermal stability and mechanical strength.



	
Apply the advanced control technologies to the hysteresis motor, and propose new control strategies suitable for the hysteresis motor to improve its control accuracy and stability.



	
Explore the application of the intelligent optimization method, reduced-order model technique and digital twin in the hysteresis motor to form interdisciplinary characteristics.



	
Explore the application of the hysteresis motor in more fields and scenarios, and show the potential brought by its unique advantages.








Besides the hysteresis motor, other applications related to hysteresis, such as hysteresis coupling [116,117], hysteresis break, hysteresis clutch, and electromagnetic actuators, are also worth studying. In addition, studying the influence of the hysteresis effect in soft magnetic materials on transformers and large motors, and improving the accuracy of hysteresis loss calculation from the hysteresis model [118,119,120,121] are also important problems.
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The following abbreviations are used in this manuscript:



	HM
	Hysteresis motor (traditional)



	PM
	Permanent magnet



	PMHM
	Permanent magnet hysteresis motor



	RHM
	Reluctance hysteresis motor



	RFHM
	Radial flux hysteresis motor



	AFHM
	Axial flux hysteresis motor



	MRAS
	Model reference adaptive system



	ESP
	Electric submersible pump



	HFHM
	Hybrid flux hysteresis motor



	RHFHM
	Reverse hybrid flux hysteresis motor



	MSRS
	Magnetically suspended reaction sphere



	JA
	Jiles–Atherton
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Figure 1. BH constitutive relation of magnetic material. (a) Soft magnetic materials. (b) Hard magnetic materials. (c) Hysteresis materials. 
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Figure 2. Principle schematic of hysteresis motor. (‘N’ and ‘S’ represent the magnetic poles of the stator and rotor). 
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Figure 3. Typical structure of hysteresis motor. 
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Figure 4. Classification of generalized hysteresis motors. 
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Figure 5. Typical structure of PMHM (flat PMs). 
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Figure 6. Typical structure of RHM. 
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Figure 7. Classification of traditional hysteresis motors. 
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Figure 8. Axial flux hysteresis motor. 
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Figure 9. Magnetic path. (a) RFHM with rotor core. (b) RFHM without rotor core. (c) AFHM with rotor core. (d) AFHM without rotor core. 
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Figure 10. Magnetic flux path of several hysteresis motors. (a) Slotless axial flux hysteresis motor. (b) Stator-coreless axial flux hysteresis motor. 
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Figure 11. Equivalent circuit with parallelogram approximation. (a) The original parallelogram model. (b) Equivalent rectangular model. (c) Simplified model. 
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Figure 12. Dynamic equivalent circuit. (a) d-axis. (b) q-axis. 
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Figure 13. Closed-loop control diagram of hysteresis motor. 
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Figure 14. Classification of permanent magnet hysteresis motors. 
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Figure 15. Permanent magnet hysteresis motor with arc PMs. (a) With surface-mounted PMs. (b) With PMs interior. 
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Figure 16. PMHM for electric vehicles. 
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Figure 17. PMHM for pumps. 
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Figure 18. PMHMs with V-shaped PMs. 
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Figure 19. PMHM with hysteresis sleeve. 
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Figure 20. The d-axis equivalent circuit of PMHM. 
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Figure 21. Hybrid flux hysteresis motor. (a) AFHM. (b) HFHM. 
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Figure 22. Reverse hybrid flux hysteresis motor. 
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Figure 23. Combination of hysteresis motors with other types of motors. (a) Reluctance and hysteresis axial flux motor. (b) PM and hysteresis axial flux motor. 
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Figure 24. Bearingless hysteresis motor for blood pump. (a) Suspension principle. (b) Passive balance principle. 
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Figure 25. Suspension principle of linear hysteresis motor for linear transport platform. 
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Figure 26. Material magnetic hardness and types of motors applicable. 
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Figure 27. Approximation of hysteresis loop. (a) Rectangular approximation. (b) Parallelogram approximation. (c) Elliptic approximation. 
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Figure 28. Preisach model diagram. (a) State of a hysteron. (b) Half plane of Preisach. 
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Figure 29. Simulation results of JA model. (a) With different parameter   M s  . (b) With different parameter c. 
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Table 1. Representative research works of hysteresis motor.
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	Year
	Country/Region
	Institution
	Motor Type
	Hysteresis Material
	Application
	Performance





	2019
	United States
	Massachusetts Institute of Technology
	Linear HM [4]
	D2 Tool Steel, FeCrCo
	Photoetching machine
	0.25 m/s, 6 N



	2017
	United States
	Massachusetts Institute of Technology
	Spherical HM [7]
	D2 Tool steel, AlNiCo
	Tricopter
	12,000 rpm, 8.9 mNm



	2017
	United States
	Massachusetts Institute of Technology
	Bearingless HM [15]
	D2 Tool Steel
	Blood pump
	1730 rpm, 2.7 mNm



	2017
	Italy
	Polytechnic University of Turin
	HM [9]
	AlNiCo, CoFeNi, CoFeV, etc.
	Electric turbochargers
	220 krpm



	2016
	Canada
	Memorial University of Newfoundland
	PMHM [12]
	36% cobalt steel
	Electric submersible pump
	2.5 kW, ≥10 Nm



	1997
	Canada
	Memorial University of Newfoundland
	PMHM [16]
	36% cobalt steel
	Electric vehicles
	1800 rpm, 4 Nm



	2016
	China
	Tianjin University
	External rotor HM [17]
	2J4
	Liquid float gyro
	12,000 rpm, 2 mNm



	2007
	Iran
	Shahrud University of Technology
	Axial flux HM [18]
	-
	-
	60,000 rpm, 50 mNm



	2016
	Iran
	Amir Kabir University of Technology
	HM with hybrid flux [19]
	Mn-Zn ferrite, silicon steel, nickel steel
	-
	3000 rpm, 20 mNm
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