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Abstract

:

As the key component of a servo motor, the torque and temperature rise of the brake at the operating temperature affect the production quality of injection molding machines and other equipment. To achieve application of the brake and evaluate its performance at a high operating temperature, a high-torque permanent magnet brake with an axial disc structure is proposed. The permanent magnet consists of six small magnets instead of the traditional monolithic ring magnet. The key parameters of the coil are designed, and the magneto-thermal coupling method is established. The magneto-thermal coupling method considers the effect of temperature on material properties and feeds the temperature back to the electromagnetic field to correct the resistance, permeability, remanence and other coefficients. It then updates the heat source of the temperature field. The temperature rise is calculated iteratively between the electromagnetic field and the temperature field. The simulation results of the one-way method and the magneto-thermal coupling method are obtained and compared with the experimental results. The evaluation errors of the magneto-thermal coupling method for temperature and braking torque are 1.9% and 4.7% respectively, which are lower than the errors of the one-way method.
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1. Introduction


Brake is an important component of the servo motor control system in machine tools, injection molding machines and other industrial fields. As an indispensable part of many types of mechanical equipment, its quality, stability, safety and service life will directly affect the control quality of the whole system [1,2]. For example, brake failure in an injection molding machine will not only affect the accurate control of the motor [3] but will also block and burn the motor and may even cause major safety accidents [4,5]. Compared with the traditional non-excited brake, the permanent magnet brake has the advantages of low energy consumption, high braking torque, short response time, easy control and a long service life [6], which is a research hotspot in the field of electromagnetic mechanism.



In recent years, the principle and method of electromagnetic mechanism have been studied: Yong Li established mathematical models and simulations to discuss the stroke force characteristics and generation mechanism of electromagnetic separation mechanism [7]. Siwen Li studied the temperature rise of the electromagnet by adjusting the energized winding time and analyzing the cold and hot resistance and waveform of the winding [8]. M. R. Dilshad proposed a stator temperature estimation method based on the energy model [9]. Jinhua Tang focused on a dual-rotor permanent magnet braking device to improve the thermal attenuation performance of a friction braking device [10]. Li Lei established the magneto-thermal coupling method of an eddy current brake under a strong impact load [11]. Yumeng Fan obtained the influence law of electromagnetic parameters on the force characteristics of an eddy current brake through a finite element numerical calculation [12]. Jiahao Li established a subdomain analysis model of an eddy current brake and further calculated and compared the resistance characteristics of radial, axial and Halbach arrays under impact loads [13].



In summary, most scholars have mainly focused on researching electromagnetic mechanisms such as generators, motors, relays and solenoid valves, but few research achievements have been made on the application, innovation and theoretical model of high-performance permanent magnet brakes under high-temperature conditions [14,15,16].



In this paper, a high-torque permanent magnet brake for an injection molding machine is proposed. To evaluate the performance of the high-torque permanent magnet brake, the influence of parameters on the permanent magnet brake components at a high operating temperature is discussed based on the coupling model, which combines the electromagnetic field with the temperature field. In the process of a magneto-thermal coupling simulation, the loss in the electromagnetic field is calculated first, and the loss result is then imported into the temperature field as the heat source. As some material properties such as resistivity and permeability are related to temperature, the electromagnetic loss of the brake will change with the change in temperature. Therefore, it is necessary to recalculate the temperature rise caused by electromagnetic losses and feed the results back to the material properties of the electromagnetic field. The continuous iteration coupling cycle is then carried out to obtain the actual temperature distribution and temperature rise of the brake. The results of the static torque, temperature distribution and the temperature rise of the high-torque permanent magnet brake at operating temperature are evaluated based on both the one-way method and the magneto-thermal coupling method and are verified by an experimental study.




2. Design for High Torque Permanent Magnet Brake


2.1. Structure Design


The brake is mainly used for the servo motor of an injection molding machine. Thus, the following factors need to be considered: (1) a high braking torque; (2) a high operating temperature of 70–90 °C; (3) a limited working space. Compared with a traditional non-exciting brake, a permanent magnet brake uses a permanent magnet as power source, while a traditional non-exciting brake uses a spring as a power source. Under the same volume, a permanent magnet brake has a higher braking torque. At a working temperature of 70–90 °C, the elastic modulus of the spring will be reduced, thus reducing the life and stability of the brake, while the permanent magnet can reach a high working temperature of 150 °C. In order to obtain a higher torque, non-exciting brakes (Figure 1a) need to increase the number of springs, while permanent magnet brakes can be achieved by modifying the internal structure.



The structure of the high-torque permanent magnet brake is provided in Figure 1b, which is mainly divided into the stator and the rotor. The stator is composed of a permanent magnet, outer yoke iron, inner yoke iron and coil, and the permanent magnet consists of six small magnets instead of the traditional monolithic circular magnet. The rotor is composed of the disc armature, plate spring and outer flange. The outer yoke iron, inner yoke iron and armature are made of a magnetic material, and the coil holder is made of a nonmagnetic material [17]. The coil is placed in the axial direction between the permanent magnet and the disk armature to ensure that the rotor can be separated smoothly in the axial direction when energized. Figure 1c shows the exploded view of the permanent magnet brake.



The working principle of the high torque permanent magnet brake is as follows. As shown in Figure 2, when the coil is unenergized, two basic magnetic loops are formed under the action of the permanent magnet. One loop, I1, passes through the air gap, δ1, along the long end of the outer yoke iron from the N pole of the permanent magnet. It enters the armature, passes through the air gap δ1 again, passes through the inner yoke iron back to the S pole of the permanent magnet, and generates an axial suction force on the armature. The magnetic force of the permanent magnet acting on the armature and the yoke iron is used to brake the rotor when unenergized. The magnetic circuit I2 returns from the N pole of the permanent magnet to the S pole of the permanent magnet through the air gap δ2 along the outer yoke.



When the coil winding is energized, the magnetic loop generated by the coil, I3, passes through the inner yoke, air gap δ1, the armature, air gap δ2, the outer yoke iron, and air gap δ3 and returns to the inner yoke iron. Thus, the coil will produce an inverse magnetic field to counterbalance the magnetic field generated by the permanent magnet, resulting in the separation of the rotor and the stator by the plate spring.




2.2. Coil Design


According to the design requirements of coil winding in a limited space, some key parameters, such as the copper wire diameter, cross-section shape and resistivity, must be discussed to obtain a related expression of turns and resistance [18].



	(1)

	
The coil number of turns







Two rows of copper wires are arranged in a staggered fashion. The single-layer turns, Nd, the layer number, Mc, and the average perimeter, Cr, of the coil can be calculated according to the section shape and coil diameter:


   N d  =  L Φ   



(1)






   M c  =    H c   − Φ     Φ × sin 60 °     + 1   



(2)






   C r  =    D c  +  d c   2   × π   



(3)




where L is the width of the coil section, Hc is the height of the coil section, Φ is the copper wire diameter, Dc is the outer diameter and dc is the inner diameter of the coil.



Then the number of coil turns, N, is:




      N = N   d     × M   c    



(4)





	(2)

	
Coil resistance







After calculating the winding condition of the coil, the total length, C, of the copper wire can be calculated by Formula (5):




      C = N × C   r      



(5)





Then, the resistance of the coil, R, is:


   R =     4 × C × ρ       π × Φ   2       



(6)




where ρ is the resistivity of the copper wire.





3. Analysis Method


3.1. One-Way Method


In the one-way method, the loss of the electromagnetic field is taken as the load input of the temperature field, and the influence of the temperature rise on the electromagnetic properties of the materials is ignored. Figure 3 shows the one-way method flow chart: the temperature field is calculated by using the loss calculated by the electric magnetic field directly as the heat source without feedback, and the influence of temperature on material properties is ignored.




3.2. Magneto-Thermal Coupling Method


When the operating temperature varies greatly, the influence of temperature on material properties such as resistance and reluctance should be discussed in order to obtain an accurate model [19]. The magneto-thermal coupling method adds feedback to the base of the one-way method to realize an iterative analysis of the temperature rise and electromagnetic field performance of a permanent magnet brake [20]. The coupling flow chart of the brake is shown in the Figure 4. First, the initial material parameters are set, and the electromagnetic field simulation is carried out to solve the electromagnetic field loss. Then the step size is set, and the electromagnetic field loss is used as the heat source to introduce the temperature field simulation model to solve the temperature distribution of the permanent magnet brake. Thirdly the temperature obtained by calculation in a certain step is fed back to the material setting of the electromagnetic field. The material properties under changes in temperature are then updated, and the loss is recalculated until the end of the iteration. This is a cyclic iterative process. Finally, at the end of a loop, the time is reset to zero, and the process is repeated until the temperature difference between the two iterations is less than 0.01% [21].



First, the material performance temperature of each component is related; therefore, the temperature rise of the brake, θw, is calculated by Formula (7):


   θ w  =    ρ θ       2 k   t  f L     (   N I    H c    )  2   



(7)




where θw is the relative temperature, ρθ is the resistance coefficient of the coil conductor, kt is the heat dissipation coefficient, and f is the coil filling coefficient.



Second, there is a slight relationship between the permeability of the magnetic materials and the magnetic flux density; however, the change caused by the magnetic flux density can not be ignored under the change of a rise in temperature. In the range of 25~120 °C, combined with Formula (8), the relative permeability, μr, can be expressed as:


   μ r  =    B r  ×    1 − α × θ w         H  cj   ×    1 − β × θ w         



(8)




where Br is the remanent magnetism, Hcj is the coercivity, α is the temperature rise coefficient of remanence, and β is the temperature coefficient of coercivity.



As the temperature changes, the resistance value of the coil windings will also change. The resistance value, R′, of the coil winding after a temperature change can be calculated according to Formula (9):


   R ′   = R ×       1 + ρ   c     × θ   w     



(9)




where ρc is the temperature rise coefficient of the coil.



According to Formula (10), the magnetic force of the formula plate electromagnet is calculated as follows:


   F =     B 2  S        2 μ   0     



(10)




where B is the magnetic flux density and μ0 is the vacuum permeability.



The contact surface between the stator and rotor is annular, and the equivalent friction radius, Rμ, can be calculated by Formula (11):


   R μ  =      2 R   2 3     − R   1 3       3 R   2 2     − R   1 2     



(11)




where, see Figure 5, R1 is the inner diameter of the contact surface and R2 is the outer diameter of the contact surface.



According to the working principle of a permanent magnet brake, the braking torque only comes from the friction between the stator and rotor; therefore, the braking torque can be calculated according to Formula (12):


  T =  μ f  × F ×  R μ   



(12)




where T is the braking torque and μf is the friction coefficient of the contact surface.



The accurate determination of the friction coefficient under temperature changes is very complicated, but the friction coefficient can be simplified to a constant value over a small range of temperature changes. In this paper, the friction coefficient at 120 °C was selected as the calculated value, which is 0.22, according to practical experience.





4. Magneto-Thermal Coupling Analysis


4.1. Finite Element Model


In this section, the finite element method is used to analyze the magnetic thermal coupling of the brake. By means of the ANSYS-Workbench software, the iterative coupling of a permanent magnet brake was realized through the co-simulation of an electromagnetic module and a transient thermal module.



(1) Construction of brake 3D model:



Table 1 shows the structural parameters of the permanent magnet brake.



(2) Define materials:



(a) Coil winding



The winding material is copper (copper), and its material characteristics are: a relative permeability of 0.999991, a thermal conductivity of 400 W/(m·C), a specific heat capacity of 385 J/(kg·C), and a density of 8933 kg/m3.



(b) Permanent magnet



An NdFeB permanent magnet is a type of permanent magnet with good comprehensive magnetic performance. In this paper, the permanent magnet material N35SH was selected. Its material properties are as follows: a remanence of 1.285 T, a coercivity of 1022570.51 A/m, a thermal conductivity of 7.6 W/(m·C), and a specific heat capacity of 460 J/(kg·C).



(c) Soft magnetic material



The material of the inner magnetic yoke, outer magnetic yoke and armature has a low coercivity, a narrow hysteresis loop and a low power consumption. Pure electric iron was chosen.



(3) Transient Thermal



(a) Temperature setting



In order to better simulate the real working environment of the brake, the initial temperature was set at 70 °C, and the ambient temperature was set at 80 °C, which is consistent with the subsequent experimental settings.



(b) Heat transfer



As the gap between the coil and the stator is filled by epoxy resin glue, the components are in contact with each other, and the heat transfer is therefore mainly conduction. The thermal conductivity between the coil and the epoxy resin adhesive was set to 8 W/m2∙°C, and the thermal conductivity between the epoxy resin adhesive and the other components was set to 10 W/m2∙°C.




4.2. Temperature Rise Evaluation Based on Magneto-Thermal Coupling


Figure 6 shows the temperature distribution of the rear brake section at different power-on times: the legend ranges from 84 °C to 106 °C. In the first period (0–600 s), the temperature rises from 70 °C to 85 °C. It can be seen from the brake temperature–time curve that the temperature of the brake rises from fast to slow. At about 3600 s, the temperature rise range is less than 1%, and the temperature can be considered stabilized. In the axial direction, the temperature of the rotor is lower than that of the stator due to the inconsistent materials inside the brake, the poor heat dissipation conditions inside the stator and the high contact surface between the rotor and the air. In the radial direction, in addition to copper and iron losses, permanent magnets will also produce certain losses; therefore, the temperature distribution around the coil presents a downward stepped distribution of radiation.



Figure 7 shows the time–temperature curve of the permanent magnet brake in a transient analysis mode. The operating temperature is set to 70 °C, and the initial coil temperature is set to 70 °C. The initial simulation time is 0, the heat source loading time is the same as the simulation time, and the magneto-thermal simulation is completed through a 7200 s coupling iterative calculation. By comparing the two curves, it can be found that the steady-state temperature obtained by the magneto-thermal coupling method is relatively low because the feedback of the temperature field is added to the electromagnetic field. The temperature of one-way coil is constant, so the heat source power of the temperature field is basically unchanged. The temperature of the magneto-thermal coupling method coil is constantly rising, and the constant voltage source is used, leading to the constant decrease in the heat source power in the temperature field. Therefore, the temperature rise rate of the one-way method is higher than that of the magnetic thermal coupling method.




4.3. Performance Evaluation Based on Magneto-Thermal Coupling


According to the structure, material and other parameters set in the above braking structure model, the field diameter coupling was adopted to solve the electromagnetic field in Maxwell, that is, to apply excitation to the model and establish the external circuit [22]. To build the external circuit, the power supply was 24 V DC, the coil had 580 turns, 10.5 Ω, and the inductance was 1.3 H. In order to achieve accurate results, a detailed grid division is required; however, a grid division that is too fine will consume a lot of computer time and memory.



Figure 8 and Figure 9 show the flux density and flux vector distribution of the permanent magnet brake. When energized, the magnetic flux at the armature is about 0.3 T, and the magnetic flux at the junction of the inner and outer yoke is about 1.5 T.



When unenergized, the magnetic flux at the armature is approximately 1.8 T, and at the junction of the inner and outer magnetic yokes, it is approximately 2.0 T. The main magnetic circuit is I2 when the armature is energized in accordance with the requirements. At this time, the magnetic flux between the armature and the internal and external magnetic yokes is small. Therefore, the electromagnetic force is almost zero. Under the action of the leaf spring, the servo motor can work normally. The main magnetic circuit is I1 after the loss of electricity. At this time, the magnetic flux at the armature and the inner and outer magnetic yokes is close to saturation, and the magnetic flux at the junction of the inner and outer magnetic yokes is close, and the distribution is reasonable. Due to the high magnetic flux at the armature, the electromagnetic force and the brake are both high, which meets the practical requirements.



By comparing the two figures in Figure 10, it can be seen that the magnetic flux is mainly concentrated on the contact surface between the inner and outer magnetic yokes and the rotor, which is consistent with the main source of torque in the above analysis. In addition, it can be found that the magnetic flux of the outer yoke is higher than that of the inner yoke, which causes the wear of the outer yoke to be greater than that of the inner yoke, and the machining accuracy of the inner and outer yokes is inconsistent.



Figure 11 provides the simulation result of the permanent magnet brake in a transient analysis mode. From the beginning of the power outage to the armature displacement, the response time is approximately 25 ms. The dot dash line occurs because the armature moves and generates an induced current, which increases the current in the coil. The response time can be judged from this curve. At the temperature of 105 °C, the electromagnetic force is 6 kN.



Figure 12 shows the force situation of the braking armature after the temperature of the brake is stable. The electromagnetic force of the armature was recalculated by substituting the final stable temperature obtained by the magneto-thermal coupling and the one-way method into the electromagnetic field. It can be found that the final stable temperature of the magneto-thermal coupling method is approximately 105 °C, and the force of the armature is approximately 6 kN, which is about 20% less than the working temperature. The final stable temperature of the one-way method is approximately 108 °C, and the force of armature is approximately 5.7 kN. This is because the permeability of the magnetic materials will decrease with the increase in temperature.



The static braking torque of the brake is linearly related to the force on the armature, and the braking torque of the brake can be calculated using Formula (10). The braking torque calculation with a different evaluation method is shown in Table 2.





5. Experimental Validation


It is necessary to refer to the operating environment of an injection molding machine and the output parameters of a servo motor for the permanent magnet brake of an injection molding machine The specific parameters are shown in Table 3.



According to the motor parameters and the operating environment, the design requirements of the brake are shown in Table 4. Among these requirements, the room temperature condition is 25 °C, and the limit operating temperature condition of the injection molding machine is 120 °C.



The magneto-thermal coupling method was carried out for the permanent magnet brake. The braking torque, temperature distribution and temperature rise of the brake in 0–7200 s were simulated and analyzed using the magneto-thermal coupling method, and the braking torque was calculated. In order to verify the accuracy of the theoretical model, it is necessary to make a prototype model and build an experimental platform for experimental verification.



5.1. Temperature Rise Test and Model Validation


As shown in Figure 13, the permanent magnet brake to be tested was assembled on the thermostat, and the thermocouple was pasted to connect the corresponding circuit and the control system. The temperature of the incubator was set at 70 °C, and the brake was pre-heated. When the brake reached 70 °C, the 24 V DC power supply was turned on, and the temperature of the brake was monitored in real time, using the thermocouple, until the temperature became stable [23].



Figure 14 shows the comparison between the evaluation results and the experimental results of the two simulation methods. The dot dash line represents the experimental time–temperature curve. The dotted line represents the one-way method simulation time–temperature curve, and the solid line represents the magneto-thermal coupling simulation time–temperature curve. As can be seen from Figure 13, the experimental temperature tends to be stable after 6000 s, and it finally stabilizes at about 103 °C. After 5000 s, the magneto-thermal coupling method tends to be stable at about 105 °C, while the one-way method finally stabilizes at 107.5 °C. This indicates that the error of the magneto-thermal coupling method is approximately 1.9%, while the error of the one-way method is approximately 5.4%, which is only one-third of the one-way method. A comparison of the three time–temperature curves shows that the accuracy of the magneto-thermal coupling method is higher than that of the one-way method. This also verifies the feasibility of the magneto-thermal coupling method.



In the experiment, the environment of the brake is not completely adiabatic. However, it is in an ideal state in the simulation, which leads to the heat dissipation of the experiment being far greater than that of the simulation; therefore, the temperature rise rate of the simulation is also greater than that of the experiment.




5.2. Torque Testing and Model Validation


As shown in the Figure 15, the test platform mainly included the servo motor, clutch, flywheel disk (which can be added), torque sensor, power supply, brake to be tested and the data acquisition assembly [24]. First, the brake pretreatment: in order to simulate the high-temperature working environment of an injection molding machine, the brake was placed into a baking box, and the temperature was set to 120 °C for 8 h. The brake to be tested was then installed on the test platform and fixed with a fixture to ensure that it would not move or shake. Second, the test parameters were adjusted: according to the characteristics of the brake and test requirements, the test parameters, such as test time, sampling frequency, etc., were set. A flywheel can also be added to adjust the moment of inertia to simulate the load. Finally, the test was begun: the servo motor was started, and the power was continuously increased until the brake stator and rotor had relative motion. The microcomputer then sent signals to the motor circuit and the brake control circuit, and the motor stopped rotating.



Firstly, the brake was installed on the test platform, and the flywheel was added to control the moment of inertia to simulate the load. The servo motor was started and the power was continuously increased until the brake stator and rotor had relative motion. The microcomputer sent signals to the motor circuit and the brake control circuit, and the motor stopped rotating. The data acquisition component was connected to the torque sensor through the data line to obtain the static torque information of the brake and draw the correlation curve.



Table 5 shows the static torque of the permanent magnet brake under different baking times. The time in the table represents the number of baking times. Five consecutive torque tests were carried out on the brake, which are represented by A1, A2, A3, A4 and A5. The static torque of the permanent magnet brake was up to 220 N∙m without baking, and the torque fluctuation range was small. After baking, the braking torque showed an obvious decreasing trend, with a decreasing rate of about 23%, and the fluctuation range became larger. After baking many times, the brake torque finally stabilized at about 170 N∙m, indicating that in a high-temperature working environment, the brake torque will decrease in the short term but will stabilize after a period of time. This is because the high temperature decreases the permeability of each part and increases the nonlinearity, and the remanence, Br, of the permanent magnet will also decrease. Compared with the evaluation torques in Table 1, the error for the magneto-thermal coupling method was 4.7%, and the error for the one-way method was 10%.





6. Summary and Prospect


(1) In this paper, a magneto-thermal coupling method is proposed, and the electromagnetic field model and temperature field model of the permanent magnet brake are established, respectively. Considering that the brake is in a high-temperature condition for a long time, the temperature enters a stable stage; therefore, the final temperature rise of the brake is mainly studied, while the temperature rise process is ignored. The temperature rise and temperature distribution of the permanent magnet brake are obtained by this method. By comparing the two simulation methods with the temperature rise experiment, the results show that the magneto-thermal coupling method has a higher accuracy than the one-way method, and at the operating temperature of 70 °C, the actual final temperature is about 103 °C, the final temperature of the one-way method is about 108 °C, and the final temperature of the magneto-thermal coupling method is about 105 °C. The accuracy error is reduced to 1.9%, which is only one third of the accuracy error of the one-way method.



(2) A permanent magnet brake structure scheme suitable for high torque is proposed. The permanent magnet consists of six small magnets instead of the traditional monolithic ring magnet, and a permanent magnet brake test platform that considers the operating temperature is established. The experimental results show that the torque of the brake is up to 220 N∙m at 25 °C, and the brake still has 170 N∙m torque after being roasted many times at 120 °C for 8 h, which is about 76% of the torque at 25 °C. This is because the permeability of the magnetic materials will decrease with the increase in temperature, and the permanent magnets are also demagnetized. Compared with the simulation results, the error of the torque predicted by the magneto-thermal coupling method is 4.7%, which is only half of the error of the one-way method. Therefore, according to the design requirements of the brake, it is suitable for high-operating temperature environments such as an injection molding machine.



(3) The magneto-thermal coupling model reduces the error rate of the brake temperature rise simulation, improves the prediction accuracy of brake performance in a high-temperature working environment and avoids the phenomenon of excessive braking. Of course, the magnetic-thermal coupling model still has errors. At the present stage, only the heat source coupling is considered, and the heat dissipation coefficient is analyzed as a constant. Subsequent models can take into account the effects of heat dissipation, the effects of temperature on the friction coefficient, and the effects of thermal contact resistance between components to further improve the accuracy of the model.
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Figure 1. Structure of brakes. (a) Non-excited brake. (b) High-torque permanent magnet brake. (c) Three-dimensional explosion diagram of a permanent magnet brake. 1. Yoke iron. 2. Spring. 3. Friction plate. 4. Flange. 5. Disc armature. 6. Coil. 7. Inner yoke iron. 8. Permanent magnet. 9. Outer yoke iron. 10. Plate spring. 
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Figure 2. Magnetic cross-sectional diagram of brake in which I1 represents the magnetic circuit between the stator and the rotor generated by the permanent magnet when it is not energized. I2 represents the magnetic circuit inside the stator generated by the permanent magnet when it is not energized. I3 represents the magnetic circuit between the stator and the rotor generated by the coil when it is energized. δ1 represents the air gap between the outer yoke and the rotor, and δ2 represents the air gap between the stator and the rotor. 
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Figure 3. The one-way method flow chart. 
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Figure 4. Magneto-thermal coupling flow chart. 
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Figure 5. Radius of brake. 
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Figure 6. Temperature distribution in the time period. (a) Brake temperature distribution at 600 s. (b) Brake temperature distribution at 1800 s. (c) Brake temperature distribution at 3600 s. (d) Brake temperature distribution at 7200 s. 
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Figure 7. Magneto-thermal coupling time–temperature curve. 
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Figure 8. Magnetic flux distribution when energized. (a) Magnetic flux density cloud image. (b) Magnetic flux vector distribution diagram. 
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Figure 9. Magnetic flux distribution when unenergized. (a) Magnetic flux density cloud image. (b) Magnetic flux vector distribution diagram. 
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Figure 10. Magnetic flux of contact surface. (a) Magnetic flux at 0 s. (b) Magnetic flux at 0.6 s. 
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Figure 11. Transient analysis of permanent magnet brake at 105 °C. 
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Figure 12. Armature force simulation at different method. 
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Figure 13. Working principal diagram of temperature rise test platform. 
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Figure 14. Temperature rise data comparison. 
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Figure 15. Torque testing platform. 
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Table 1. Brake size.
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	Parameter
	Value
	Parameter
	Value





	Stator inner diameter/mm
	75
	Rotor inner diameter/mm
	148



	Stator outer diameter/mm
	160
	Rotor outer

diameter/mm
	161



	Stator height/mm
	46.5
	Rotor height/mm
	27.3



	Permanent magnet Thickness/mm
	7.5
	Air gap/mm
	1
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Table 2. The brake torque calculation with different methods.
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	Method
	Braking Torque/N∙m





	Magneto-thermal coupling
	162



	The one-way method
	153
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Table 3. Servo motor parameters.
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	Parameter
	Value





	Maximum Torque
	145 N∙m



	Rated torque
	50 N∙m



	Rated Speed
	1500 r/min



	Rated power
	7.9 kW



	Rated Frequency
	100 Hz



	Rated current
	15 A



	Torque
	53 N∙m



	Rotational Inertia
	56 kg∙cm2
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Table 4. Design requirements and brake parameters.
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Parameter

	
Value






	
Rated voltage

	
DC24 V




	
Rated power

	
55 W




	
Response time

	
20 ms




	
Air clearance

	
0.55 mm




	
25 °C

	
Rated current

	
2.3 A




	
Coil resistance

	
10.5 Ω




	
Torque

	
170 N∙m




	
120 °C

	
Rated current

	
1.66 A




	
Coil resistance

	
14.5 Ω




	
Torque

	
140 N∙m
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Table 5. Static torque of permanent magnet brake under different baking times.
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	Time
	A1 (N∙m)
	A2 (N∙m)
	A3 (N∙m)
	A4 (N∙m)
	A5 (N∙m)
	Average (N∙m)





	0
	220.8
	216.9
	226.8
	216.5
	218.5
	219.903



	1
	185.9
	174.4
	188.2
	187.9
	162.6
	179.784



	2
	175.2
	172.1
	162.8
	180.6
	170.9
	172.315



	3
	196.3
	164.6
	161.6
	168.9
	162.9
	170.864



	4
	181.6
	161.0
	164.6
	173.0
	166.6
	169.369



	5
	169.6
	167.8
	175.8
	173.1
	164.4
	170.14
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