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Abstract:



The rotor eddy current losses of a high-speed permanent magnet synchronous motor reduce the efficiency of the motor and increase the temperature rise of the rotor. In severe cases, the permanent magnet of the rotor can be demagnetized, affecting the safe operation of the motor. In this paper, an analytical model of rotor eddy current losses calculation based on Maxwell equations is introduced. The eddy current losses of rotor structures, e.g., protection sleeve, shield layer and permanent magnets, are analyzed. The calculation results of rotor eddy current losses are compared with two-dimensional (2D) finite element analysis. The comparison verifies the accuracy and versatility of analytical calculation. Finally, the influences of the variables on eddy current losses in the derived model are analyzed. Based on the principle of minimizing eddy current losses, an optimized structure with copper layers covering both inner and outer surfaces of the protective sleeve is proposed. Furthermore, the optimized distribution parameter of copper film thickness is obtained.
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1. Introduction


Due to the high-power density and excellent transmission efficiency, high-speed permanent magnet synchronous motors (HSPMSM) are widely used in aviation power supply, flywheel energy storage, large-scale high-speed machining, etc. [1,2,3,4,5,6,7]. Compared with traditional motors, the losses per volume and the working temperature rise of HSPMSMs are significantly increased. Especially, the rotor losses caused by the high-frequency magnetic field aggravate the rotor temperature rise [8,9,10,11,12]. Because permanent magnets (PM) in the rotor of the high-speed motor have a non-negligible conductivity, eddy current losses are generated in the high-frequency harmonic magnetic field, leading to more severe temperature rise. The PM demagnetization caused by the rotor temperature rise seriously threatens the safety and reliability of the high-speed motor. It is necessary to precisely calculate the eddy current losses and optimally design the rotor structure in order to reduce the rotor eddy current losses and temperature [13,14,15].



The rotor eddy current losses of PMSM are widely studied in the literature, which can be divided into two categories. Some studies have focused on establishing the approximate calculation model of the rotor eddy current losses. Other researchers have studied the effective measures of reducing rotor eddy current losses. The special rotor structure of HSPMSM makes the rotor eddy current losses analysis and rotor structure optimization more important. An analytic model of the PMs established for analyzing the eddy current losses in PMs of PMSMs was researched in [16,17,18]. Not only was the analytic model of the eddy current losses built, but also the influence of the axial segmentation on eddy current losses was considered in [19]. The rotor losses of the traditional PMSMs have been studied by experts and researchers and the calculation results has been verified in [20,21,22]. In [23,24,25], the influences on different rotor sleeves on the rotor eddy current losses were considered. M. Etemadrezaei, an Iranian scholar, has researched the influences of the copper layer added between the sleeves and the PMs on the rotor eddy current losses. Other methods for reducing losses such as the axial segmentation and circumferential segmentation were widely used in [26,27]. Because of the special rotor structure of HSPMSMs, it is extremely significant to analyze the rotor eddy current losses and optimize the rotor structure.



The traditional calculation and analysis methods of the electromagnetic field in the motor mainly include the analytic method and the numerical calculation method. The rotor eddy current losses can be calculated by the time-step finite element analysis (FEA) method [28,29]. However, the pre-processing, including geometric modeling, meshing and boundary condition setting, requires a long time and large storage memory, unsuitable for industrial applications. The analytic calculation method based on traditional partial differential equation solution without meshing requires only a short time and shows the relationships among variables obviously, which can be easily applied to the motors with the same structure. The rotor eddy current losses can be easily estimated by this method in order to provide the basis for the optimization design [30,31,32].




2. Analytic Calculation of Rotor Eddy Current Losses


2.1. Analytic Calculation Model


The high speed of HSPMSMs, ranging from tens of thousands of revolutions per minute to hundreds of thousands of revolutions per minute, results in large centrifugal force, requiring high mechanical strength of the rotor. Hence, a thick metallic protective sleeve is usually adopted to increase the mechanical strength. However, the thickness of the protective sleeve is several times the length of the air gap, seriously influencing the main magnetic circuit of the motor. In the HSPMSMs with the metallic protective sleeve in rotor, a high conductivity layer, e.g., copper layer, added between the metallic sleeve and the PMs can effectively reduce the eddy current losses in the PMs. The copper layer with high conductivity can shield the harmonics into the PM, effectively reducing the rotor eddy current losses.



As shown in Figure 1, the analytic calculation model of the HSPMSM with the protective sleeve and copper layer can be divided into six domains, which are the stator core, air gap, protective sleeve, copper layer, PMs and rotor yoke. The detailed parameters of the high-speed permanent magnet motor are shown in Table 1.


Figure 1. Rotor structure with shield. PMs: Permanent magnets.
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Table 1. Basic parameters of the high-speed permanent magnet synchronous motors (HSPMSM).







	
Parameter

	
Value

	
Parameter

	
Value






	
Stator outer diameter

	
135 mm

	
Copper layer thickness

	
1 mm




	
Stator inner diameter

	
66 mm

	
Permanent magnet thickness

	
3.5 mm




	
Rotor outer diameter

	
61 mm

	
Rated speed

	
60,000 rpm




	
Protective sleeve thickness

	
4 mm

	
Rated frequency

	
1000 Hz










This model assumes that:

	(1)

	
The stator and rotor are expanded into a planar ferromagnetic body in a half space.




	(2)

	
The stator winding current on the surface between the stator and air gap is equivalent to the sinusoidal distribution of surface current.




	(3)

	
The magnetic permeability of the stator core is close to infinity and the conductivity is 0.




	(4)

	
The harmonics hardly enter the rotor core area, so the eddy current losses of the rotor core are not considered in the calculation of the HSPMSM.




	(5)

	
End effect is not considered.




	(6)

	
All field quantities are sinusoidal over time.









The permeability of the air gap, protective sleeve, PMs and rotor yoke are μo, μr, μc, μp, μz. respectively. The conductivity of the protective sleeve, copper layer, PMs and rotor core are σr, σc, σp, σz. respectively. The thickness of the air gap, protective sleeve, copper layer, PMs and rotor yoke are da, dr, dc, dp, dz. respectively. Table 2 gives the basic parameters of the materials.



Table 2. Basic parameters of the materials.







	
Relative Permeability

	
Value

	
Conductivity

	
Value






	
μo

	
1

	
σr

	
1,315,789 S/m




	
μr

	
1

	
σc

	
59,000,000 S/m




	
μc

	
1

	
σp

	
1,182,791 S/m




	
μp

	
1

	
σz

	
1,000,000 S/m




	
μz

	
7000

	
-

	
-










According to the established analytic model of HSPMSM, the magnetic field distribution can be determined by the Laplace equation or Poisson equation of the corresponding domain and the given boundary conditions. The magneto motive force (MMF) of each phase can be expressed as follows:
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(1)
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(2)
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(3)
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(4)
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(5)




where, fa, fb, fc are separately three-phase harmonic MMF, v is the harmonic order, and N is the number of series turns per phase.



θs is the electrical angle in stationary frame, kwv is the winding factor of the vth order harmonic, and p is the number of the pole pairs. Where y1 is first pitch, τ is the fundamental pole pitch, q is the number of slots per pole, and α is the electrical angle per slot.



In stationary frame and rotating frame, the synthesis MMF of the three-phase windings can be obtained by superimposing the MMF of the three-phase independent windings, which are:
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(7)
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(9)
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(10)
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(11)
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(12)




where [image: there is no content] is the synthesis MMF of the three-phase windings in stationary frame, [image: there is no content] is the synthetic MMF in the rotor rotating frame, and θr is the electrical angle in the rotor frame.



From the above formula, the synthetic MMF of the three-phase windings is not subject to time. The orders of the harmonics of the MMF are 6k ± 1th.



According to the harmonic MMF, the amplitude of the traveling wave current sheet can be obtained. The expression of the traveling wave current sheet in rotor rotating frame is:
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(13)




where ra is the stator core diameter.




2.2. Calculation of the Rotor Eddy Losses in HSPMSM


Based on the coordinate system transformation of Equation (13), the rotor eddy current calculation issue can be converted to the issue in stationary 2D electromagnetic field. The magnetic vectors in each region contain only Z component.
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(14)
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(15)
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(16)




where k1, k2 are consistent with the phase angle and frequency coefficient in the three-phase synthetic MMF formula in the rotor rotating frame and change with the v order space harmonic.



It is assumed that ωv = k1ω and τv = τ/k2, ωv is introduced by the coordinate transformation, and
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(17)





In the case of sinusoidal steady-state:
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(18)







The magnetic vector expression in different domains can be obtained.



In the air gap domain, the conductivity σ = 0, the magnetic vector satisfies the 2D Laplace equation.
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(19)
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(20)





The solution is
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(21)





In the sleeve domain, copper layer domain and PMs domain, the magnetic vector satisfies the 2D complex eddy current equation.
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(23)
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(24)





It can be obtained that:
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(26)
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where:
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(28)
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(29)
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(30)





In the rotor core domain, due to the ignorance of harmonics entering the rotor core in the HSPMSM, the conductivity of the rotor core is set as σz = 0. The component of the magnetic potential in the Z direction satisfies the 2D Laplace equation.
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(31)





Equation (31) can be solved by Equation (32):
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(32)







(1) The boundary condition of the surface between the stator and air gap.



Due to the permeability of stator core μFe= ∞, the magnetic field intensity in the stator iron core is 0 A/m, On the surface of the iron core, the tangential component of the magnetic field intensity equals the areal density of stator current harmonic.
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(33)




where J0m is the amplitude of the traveling wave current sheet.



It can be obtained that:
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(34)
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(35)





(2) Because the normal component of the magnetic induction intensity and the tangential component of the magnetic field intensity are continuous, the boundary condition between the air-gap and the sleeve is Equation (37), the boundary condition between the sleeve and the copper layer is Equation (38), the boundary condition between the copper layer and the PMs is Equation (39), the boundary condition between the PMs and rotor core is Equation (40).
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(36)
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(37)
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(38)
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(39)
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(40)





While [image: there is no content], Equation (32) can be rewritten as:
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(41)







According to the boundary conditions of the surface between the stator and air gap, the equations can be obtained as follows:
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(42)




where, Dd = da + dr, Db = da + dr + dc, Dc = da + dr + dc + dp.



Equation (42) can be organized as the following form:
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(43)




where:
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(44)
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(45)
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(46)





The coefficients of the magnet vector can be obtained by solving Equation (42). Then, the eddy current density in the sleeve [image: there is no content], the eddy current density in the copper layer [image: there is no content] and the eddy current density the PMs [image: there is no content] can be obtained.
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(47)
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(48)






[image: there is no content]



(49)





Based on the formula of Joule losses, the eddy losses in the rotor sleeve Pr, the eddy losses in the copper layer Pc and the eddy losses in the PMs Pp can be solved.
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(50)
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(51)
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(52)




where l is the axial length of the motor.



According to Equations (50)–(52), the eddy current losses in the sleeve, copper layer and PMs under the different harmonic magnetic field can be obtained. In Matlab-software environment, the sum of the losses in different domains under 5th, 7th, 11th and 13th harmonics can be separately calculated.



In this paper, through coordinate transformation, a Cartesian coordinate system has been used to calculate the rotor eddy current losses. When the thickness of air gap is relative small compared to inner diameter of stator, the curvature of the rotor can be neglected. However, the outer diameter of rotor of high speed PMSM is small while the air gap is large compared to conventional PMSM. Deviation will be caused by the assumption of the ignorance of the curvature of the rotor.



In order to verify the accuracy of the analytic calculation, a 2D finite element model that is shown in Figure 2a is built based on the ANSYS Maxwell software package. Figure 2b shows the mesh results of the model. The rotor eddy losses are calculated via 2D transient field.


Figure 2. 2D finite element model. (a) The schematic; and (b) mesh results.
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The calculation time is set as 10 electric cycles, and every electric cycle has 50 steps. The highest harmonic in the analytic calculation is the 13th harmonic, thus the penetration depth in the FEA method is set as 20 times the fundamental frequency.



In comparison with the FEA results, the relative error is about 7.8%, as shown in Table 3. The error is mainly caused by the ignorance of the curvature of the rotor and higher order harmonics. If the other losses caused by higher order harmonics are considered, the differences between two methods are smaller.



Table 3. Calculation results of the rotor eddy losses by analytic method and finite element analysis (FEA) method.







	
Symbol

	
Analytic Calculation Results

	
FEA Results






	
Pr

	
239.4 W

	
260.8 W




	
Pc

	
4.1 W

	
4.4 W




	
Pp

	
0.86 W

	
0.9 W




	
Pr+c+p

	
244.36 W

	
265.2 W












3. The Influence of Rotor Structure Optimization on the Rotor Losses


According to the calculation results of the rotor eddy losses, the copper layer between the sleeve and the PMs can effectively reduce the eddy current losses. However, when the motor is operated at high speed, the harmonic magnetic field directly causes eddy current in the sleeve, which is the majority of the rotor eddy current losses, as can be seen in Table 3. Due to the complexity in the real manufacturing and processing, the metal surface treatment process is applied in rotor protective sleeve surface. When both the inner and outer surface of the rotor are coated with copper, the outer copper film reduces the eddy current losses of the rotor protective sleeve, reducing the rotor eddy current losses together with the inner copper film.



The material of the surface protective sleeve is titanium alloy and both the inner and outer surface is coated with copper. The total thickness of both layers is one millimeter. The influence of the outer copper film thickness and the inner copper film thickness on the rotor eddy current losses is reached without changing the structure and performance. The presented rotor structure is shown in Figure 3. The analytic model can be divided into seven domains, which are separately the iron core, air gap, outer copper film, sleeve, inner copper film, PMs and rotor core.


Figure 3. Rotor structure diagram.
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Using the method mentioned in the previous section, the equations can be obtained as Equation (53).



The magnetic permeability of the air gap, outer copper film, sleeve, inner copper film, PMs and rotor core are μ0, μc, μr, μc, μp, μz separately. The conductivity of the outer copper film, sleeve, inner copper film, PMs and rotor core are σc, σr, σc, σp, σz separately. The thickness of the air gap, outer copper film, sleeve, inner copper film, PMs and rotor core are da, do, dr, di, dp, dz separately. Because the harmonics can hardly enter the rotor core, the eddy current losses in rotor core can be ignored.
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(53)




where, Dd = da + do, De = da + do + dr, Df = da + do + dr + di, Df = da + do + dr + di + dp.



The total thickness of the inner and outer copper films is one millimeter, which means that:
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(54)







Equation (53) can be organized as the following form:
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(56)
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(57)
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(58)





The coefficients of the magnet vector can be obtained by solving Equation (55). Then, the eddy current density, in the inner copper layer [image: there is no content], the sleeve [image: there is no content], the inner copper layer [image: there is no content] and the PMs [image: there is no content] can also be obtained.
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(61)
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(62)





Based on the Joule losses formula, the eddy losses in the inner copper layer Po, the rotor sleeve Pr, the inner copper layer Pi and the PMs Pp can be solved as:
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(63)
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(65)
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(66)




where l is the axial length of the motor.



According to Equations (63)–(66), the eddy current losses in the sleeve, copper layer and the PMs under the different harmonic magnetic field can be computed. In Matlab-software environment, the sum of the losses in different domains under 5th, 7th, 11th and 13th harmonics can be separately calculated. The Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 show the rotor protection sleeve outer copper film thickness is not the same, the distribution of the various parts of the rotor eddy current losses.


Figure 4. Losses of inner copper film.
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Figure 5. Losses of outer copper film.
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Figure 6. Losses of protective sleeve.
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Figure 7. Losses of PMs.
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Figure 8. Total losses of rotor.
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As shown in the Figure 8, the sum of the eddy current losses changes with changes to the thickness of the copper films covered on the inner and outer surfaces of the sleeve. The relationship between the thickness of the copper films and the eddy current losses is nonlinear. When the thickness increasing, the eddy current losses decrease. However, when the thickness of the outer copper film is less than 0.4 mm, as can be seen from Figure 5, the eddy current losses of the outer film obviously increase.



With the further decrease of the thickness of the copper film, the eddy current losses of the copper film increase exponentially. When the thickness of the outer copper film is greater than 0.5 mm, the eddy current losses change of the copper film is not obvious.



The inner copper film can effectively reduce the intensity of the harmonics which enter the PMs, directly reducing the eddy current losses of the PMs. With the increase of the copper thickness, the eddy current losses of PMs reduce, as can be obtained from Figure 4, while the losses of inner copper film slightly increase.



From the losses results of the analytical calculation, the copper plating process on the inner and outer surface of protective sleeve can effectively reduce the total losses of the rotor. However, the actual thickness of the copper plating cannot be arbitrarily increased; in this case, only when the thickness of the copper film is greater than 0.4 mm, will the total rotor eddy current losses be significantly reduced. Therefore, by comparing the thickness of the inner and outer copper films, it is possible to find an optimal way to reduce the total losses of the rotor in the achievable process.




4. Conclusions


In this paper, the rotor structure is researched, and the rotor structure with the copper layer between the PMs and the rotor sleeve are analyzed. Combined with Maxwell equations, the analytic model for calculating the rotor eddy current losses is proposed. In comparison with the FEA results, the accuracy of the analytic method is verified. The inner and outer surfaces of the rotor protective sleeve are coated with the high-conductivity copper films, which improve the conductivity and thermal conductivity of the sleeve surfaces. By optimizing the thickness of the copper layers, the eddy current losses can be effectively reduced. Compared with the protective copper film placed between the PM and protective sleeve, the proposed scheme simplifies the processing and reduces the rotor eddy current losses, having obvious practical application.
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