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Abstract 

 

When compared with traditional power frequency generators, the frequency of a super high-speed permanent magnet generator 
(SHSPMG) is a lot higher. In order to study the influence of frequency on the electromagnetic field of SHSPMGs, a 60000rpm, 
117kW SHSPMG was taken as a research object. The two-dimensional finite element model of the generator was established, 
and the two-dimensional transient field of the generator was simulated. In addition, a test platform of the generator was set up 
and tested. The reliability of the simulation was verified by comparing the experiment data with that of the simulation. Then the 
generator electromagnetic field under different frequencies was studied, and the influence mechanism of frequency on the 
generator electromagnetic field was revealed. The generator loss, voltage regulation rate, torque and torque ripple were analyzed 
under the rated active power load and different frequencies. The influences of frequency on the eddy current density, loss, voltage 
regulation rate and torque ripple of the generator were obtained. These conclusions can provide some reference for the design 
and optimization of SHSPMGs. 
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I. INTRODUCTION 

In recent years, because of its advantages of small size, 
large power density and high efficiency, SHSPMG has 
received increased public attention [1]-[6]. In addition, it is 
the key part of the distributed systems. The frequency of a 
SHSPMG can be up to 1000Hz, and its speed can reach tens 
of thousands of revolutions per minute. SHSPMGs usually 
have a small volume, high power density and poor heat 
dissipation. The generator loss increases the generator 
temperature, and this temperature rise can result in serious 
consequences in terms of demagnetization especially in rotors. 
At the same time, different frequencies have different effects 
on the harmonic magnetic field of a generator. When the 

generator operates at different frequencies, the parameters of 
the generator include the reactance and leakage reactance 
change. These parameters directly determine the generator 
voltage regulation rate. Other generator characteristics are 
affected by the change of parameters caused by changes of 
the frequency. It is important to study the influence of 
frequency on generators. Therefore, it is conducive to improve 
generator performance to study the influence mechanisms of 
generator loss, voltage regulation rate and torque ripple on the 
generator electromagnetic field under different frequencies. 
Then the high-speed generator can operate in a better running 
state.  

In recent years, the magnetic circuit method and analytical 
method have been frequently used for the electromagnetic 
analysis and design of conventional motors. However, with 
the development of modern industry, special motors with a 
special structure or application have been used more and 
more widely, such as some high-speed motors. Because the 
distribution of the magnetic field of these motors is complex, 
it is difficult to obtain accurate results through magnetic 
circuit methods. Therefore, the finite element method (FEM) 

© 2019 KIPE 

Manuscript received Aug. 6, 2018; accepted Mar. 17, 2019 
Recommended for publication by Associate Editor Byungtaek Kim. 

†Corresponding Author: weiyanqi92@163.com 
Tel: +86-18739101852, Zhengzhou University of Light Industry 

*Sch. Electr. Inform. Eng., Zhengzhou Univ. of Light Industry, China 
**Zhengzhou Power Supply Company of State Grid, China 

***Zhengzhou Water Investment Holding Co., Ltd., China 



 Influence of Frequency on Electromagnetic Field of …  981 
 

based on Maxwell equations has attracted the attention of 
more and more researchers. Based on FEM, some studies on 
high-speed permanent magnet generators with different 
frequencies have been carried out. The authors of [7], [8] 
studied the iron losses of different high-speed generators with 
frequencies of 1333Hz and 1666Hz when adopting different 
stator core materials. Some optimized structures and methods 
for a high-speed generator were obtained through an analysis 
of the loss distribution and temperature field under three 
different speeds in [9]. The electromagnetic fields of 
generators have not been researched further. The rotor loss of 
generators with frequencies of 300Hz and 600Hz was studied 
in [3], [10]. Arfakhshand Ali Qazalbash et al. calculated the 
rotor eddy current loss in permanent magnet machines with 
frequencies of 3000Hz and on-load condition [11]. However, 
these studies only focus on the rotor loss of the generator. 
They lack a complete comparative analysis of one generator 
operating under different frequencies. Although F. Martin et 
al. studied the eddy current loss of a high speed generator and 
the magnet loss when the generator operated under frequencies 
of 900Hz and 1800Hz [12], there was no comparative analysis 
of the voltage regulation rate, the torque ripple of high speed 
generators and other generator electromagnetic field parameters 
were not involved, and the influence of the external circuit 
was not taken into consideration. 

Therefore, in this paper, in order to make the analysis of 
the influence of frequency on SHSPMGs under the rated 
power more accurate, the field-circuit coupled time-stepping 
finite element method is used. Taking a 117kW, 60000rpm 
SHSPMG as an example, the influence of different frequencies 
on the performance of a SHSPMG under the rated output 
power is studied. Firstly, based on the calculation and analysis 
of the eddy current density, the losses in the SHSPMG are 
calculated. The change in the regulation of the generator loss 
under different frequencies is obtained, and the influence 
mechanism of frequency on the generator losses is revealed. 
At the same time, the influences of frequency on the generator 
voltage regulation rate, the torque and the torque ripple are 
analyzed. In addition, the change mechanism is revealed. The 
conclusions obtained can serves as a reference for further 
research on SHSPMGs. 

 

II. MODEL ESTABLISHMENT AND EXPERIMENTAL 

VERIFICATION 

A. Generator Model and Basic Parameters 

A 117kW, 60000rpm SHSPMG driven by a micro gas 
turbine has been studied in this paper. The material of the 
sleeve is high strength austenitic steel (50Mn18Cr5), and its 
relative permeability is 1 and bulk conductivity is 1.31×106 

S/m [13]. The main components of the generator structure 
include the stator core, the rotor core, the windings, the 
permanent magnets (PM), the sleeve, the rotating shaft and so  

TABLE I 
BASIC PARAMETERS OF THE SHSPMG PROTOTYPE 

Basic parameters VALUE 

Rated power 117kW 

Rated voltage 670V 

Rated speed 60000rpm 

Number of pole-pairs 1 

Rotor type PM 

Stator outer diameter 135mm 

Stator inner diameter 72mm 

Rotor outer diameter 66mm 

Core length 275mm 

Slot number 36 

 

 

 
Fig. 1. Prototype and 3D model of the generator. 
 
on. The most obvious difference between the prototype and 
the traditional generator is the installation of the windings. 
The back-winding structure is used to shorten the length of 
the stator end windings, as shown in Fig. 1. Due to the high 
frequency of the SHSPMG in the operation and that fact that 
it is limited by strength, the rotor is designed to be slender. In 
the conventional stator winding structure, the windings are 
only in the stator slot. If this structure is used, the end length 
of the generator increases. By adopting the back-winding 
structure, the end length can be effectively reduced, which 
can reduce the axial length of the stator and the volume of the 
generator. To reduce the eddy current loss, PMs are axially 
segmented and attached to the rotor surface of the SHSPMG 
[14]-[17]. The axial segmentation can effectively cut off the 
eddy current path. Then the eddy current loss can be effectively 
reduced. At high frequencies, the permanent magnet material 
must be contained so that it does not break apart under its 
own inertia. This is the reason for the metallic sleeve wrapped 
around the rotor. The sleeve is fixed on the surface of PM, 
which provides pre-stress for PM [18]. Table I shows the 
basic parameters of the SHSPMG. Fig. 1 shows the stator end  
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Fig. 2. Finite element model. 
 
of the generator and the prototype. 

According to the actual structure of the SHSPMG prototype, 
the finite element model of the generator is built, as shown in 
Fig. 2. 

During the analysis of the generator electromagnetic field, 
some assumptions are made to simplify the calculations [13], 
[19]. 

(1) Because the stator core is elongated, the electromagnetic 
field of the generator varies very little in the axial 
direction. The magnetic flux leakage at the end of the 
generator is neglected. When analyzing the two- 
dimensional transient field, the vector magnetic potential 
only has the Z axis component Az. 

(2) The materials are isotropic. The permeability and 
conductivity of the materials are constant except for 
the stator core and the rotor yoke. 

(3) The displacement current is ignored. 

During the analysis, the two-dimensional electromagnetic 
field boundary equations are [13], [20]. 

        (1) 

where Ω is the calculation region, Az and Jz are the magnetic 
vector potential and the source current density in the z-axial 
component, Js is the PM equivalent face current density, σ is 
the conductivity, Γ1 is the stator outer boundary condition, Γ2 
is the PM boundary condition, and μ1 and μ2 are the relative 
permeability values [13], [20]. 

In this paper, the field circuit coupling method [21]-[23] 
is adopted to analyze the electromagnetic field of the 
SHSPMG. This method strikes a balance between calculation 
efficiency and calculation accuracy. The external circuit is 
shown in Fig. 3. 

 
Fig. 3. External circuit of the SHSPMG. 

 

 
 

 
Fig. 4. Test platform. 

 
TABLE II 

COMPARISON OF THE TEST DATA AND THE CALCULATED RESULTS 

Speed (rpm) 6000 8000 10000

Calculated results
Terminal voltage (V) 39.9 53.1 65.8 

Armature current (A) 14.5 18.3 22.4 

Test data 
Terminal voltage (V) 39.6 53.7 65.1 

Armature current (A) 14.4 18.5 22.1 

 
where LA, LB and LC are the end leakage inductances; RA, RB 
and RC are the winding resistances; and R1, R2 and R3 are the 
load resistances. 

B. Experimental Test and Data Comparison 

To verify the accuracy of the generator finite element 
model, the generator prototype is tested, as shown in Fig. 4. 
In the experiment, the load is resistance. A high-speed torque 
and rotational speed sensor device is placed between the prime 
motor and the generator. The electromagnetic parameters of the 
generator are measured by a 3193 frequency conversion electric 
energy quality analyzer. The terminal voltage and armature 
current of the generator running at different speed conditions 
(6000 rpm, 8000 rpm and 10000 rpm) are experimentally 
obtained. The experimental data and the model calculated 
results are compared, as shown in Table II.  

Through the data comparison of Table II, it could be found 
that the experimental results have a good agreement with the 
calculated results. Therefore, in this paper, the analysis of the 
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generator electromagnetic field based on this model is 
reliability. 

 

III. INFLUENCE OF FREQUENCY ON THE  
GENERATOR LOSS 

For SHSPMGs, due to the high frequency, the space 
harmonic components in the air gap magnetic field caused by 
the time harmonic currents of the windings seriously affect 
the generator losses. This cannot be ignored. Due to the high 
speed, the harmonic frequency caused by the cogging 
harmonics is high, which results in increases of the generator 
loss and torque ripple [24]. 

In addition, the power generated by a SHSPMG is high- 
frequency, which cannot be directly used. Therefore, the power 
should be converted into direct current through an AC/DC 
converter. Then it should be converted to alternating current 
through a DC/AC converter. Due to the high frequency, high 
power and the large harmonic components in current when 
converters are used in the frequency conversion process, 
there are a lot of harmonic components in the current, which 
results in large time harmonic loss [25]. At the same time, the 
interaction between the time harmonic currents and the space 
harmonic magnetic field also causes loss. 

Furthermore, high-speed permanent magnet generators 
usually have a small volume, a high power density and a 
difficult heat dissipation. The loss caused by harmonics 
increases the generator temperature, which can result in the 
serious consequences of demagnetization, especially in the 
rotor. Combined with the above analysis, the harmonic loss 
of a high-speed generator cannot be ignored. 

A. Influence of Frequency on the Generator Rotor Eddy 
Current Density and Rotor Eddy Current Loss 

In the operation of a SHSPMG, the space harmonic 
magnetic fields generated by the time harmonic currents of 
the windings rotate with respect to the rotor at integer 
multiples of the rotor speed. In addition, the space harmonic 
magnetic fields generated by the fundamental currents do not 
rotate synchronously with the rotor. These harmonic magnetic 
fields can result in changes of the rotor flux density. Therefore, 
the eddy currents are induced in the rotor PM and sleeve. 
Then the eddy current loss is generated. However, due to the 
high power density, small volume and poor rotor heat 
dissipation, the heat generated by the eddy current loss 
produces a higher temperature rise in the rotor. If the heat 
cannot be released in time, it causes partial demagnetization 
of PMs, which seriously threatens the stable operation of the 
SHSPMG. Therefore, it is critical to calculate the eddy 
current loss accurately [11]. The loss of the SHSPMG is 
closely related to the frequency. Under high frequency 
operation conditions, the temperature rise generated by the 
eddy current has a more serious impact on the SHSPMG 
under high frequency operation when compared with ordinary  

 
Fig. 5. Eddy current density under different frequencies. 
 
generators. Therefore, it is necessary to study the eddy current 
losses of the generator under different frequencies. During 
the analysis, it is found that the output active power cannot 
reach the rated value of 117kW when the frequency is below 
400Hz due to the magnetic saturation. Thus, in this paper, the 
electromagnetic field of the generator is studied when the 
frequency is from 400Hz to 1400Hz. Based on FEM, the eddy 
current densities and eddy current losses of the generator rotor 
under different frequencies are calculated when the output 
active power is 117kW. The rotor eddy current densities 
under frequencies of 400Hz and 1000Hz are shown in Fig. 5. 
For ease of comparison, the same scale is used. 

It can be found from Fig. 5 that the eddy current density is 
concentrated on the sleeve of the rotor surface. This is due to 
the skin effect principle. At the same time, the eddy current in 
the rotor is decreased along the rotor radial direction. The 
distance from the surface to the place where the current value 
is reduced to 1/e (about 0.3679) of the surface is referred to 
as the penetration depth. The penetration depth can be 
calculated [13], [26]: 

                    (2) 

where ∆ is the penetration depth, ω is the angular frequency 
of the harmonic magnetic field, μ is the permeability of the 
material, and σ is the conductivity of the material [13], [26]. 

When the frequency is 400Hz, the maximum eddy current 
density value is 3.25×106A/m2. When the frequency is 
1000Hz, the maximum eddy current density value is 2.59× 
106A/m2, which is a decrease of 20.3% when compared with 
that when the frequency is 400Hz. When the generator output 
active power is constant, the value of the eddy current density 
shows a decreasing trend with the increase in the frequency. 

The value of the eddy current density is closely related to 
the eddy current loss value. With a decrease of the eddy 
current density, the eddy current loss also decreases. Based 
on FEM, the eddy current loss of the generator is calculated  


2
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Fig. 6. Rotor eddy current loss and stator core loss under different 
frequencies. 
 

TABLE III 
WINDING CURRENTS AND ROTOR EDDY CURRENT DENSITY  

UNDER DIFFERENT FREQUENCIES 

Frequency 
(Hz) 

Fundamental 
current (A) 

5th 
harmonic 
current 
(A) 

7th 
harmonic 
current 
(A) 

Rotor eddy 
current 
density 
maximum  
(A/m2)

400 233.1 3.12 0.87 3.25×106 

900 91.3 1.56 0.50 2.64×106 

1000 82 1.43 0.46 2.59×106 

1400 57.9 1.07 0.32 2.58×106 

 
under different frequencies. During the analysis, the rotor 
eddy current loss can be calculated in a cycle [27]: 

           (3)  

where Pe is the rotor eddy current loss (W), Je is the current 
density in each element (A/m2), ∆e is the element area (m2), lt 
is the rotor axial length (m), σr is the conductivity of the eddy 
current zone (S/m), and Te is a cycle of time. 

By the finite element calculation, the eddy current loss of 
the SHSPMG under different frequencies is shown in Fig. 6. 

It can be observed that when the frequency is 400Hz, the 
eddy current loss is 144.4W. When the frequency is 900Hz, 
the eddy current loss is decreased by 48.4 % when compared 
with that of 400Hz. When the frequency is 1400Hz, the eddy 
current loss is only 54.3W, which is a decrease of 62.4% 
when compared with that of 400Hz. Based on the above data 
analysis, it can be found that with increases in the generator 
frequency, the eddy current loss decreases nonlinearly. In 
addition, with increases of the frequency, the decreasing trend 
is even more subdued. The reason why the loss decreased 
with an increase in the frequency is analyzed in the following. 
Although the generator voltage and current increase with an 
increase in the frequency, in order to make the output power 
reach 117kW, the armature current is decreased, and the 
amplitudes of the harmonic currents and the rotor eddy 
current density maximum are also decreased, as shown in 
Table III. 

With an increase in the frequency, the penetration depth of 
the eddy current also decreases. Therefore, according to 

formula (3), the eddy current loss gradually decreases with an 
increase of the frequency. From Table III, it can be found that 
the decrease of the winding currents is an important reason 
for the decrease of the generator rotor eddy current loss. 

B. Influence of Frequency on the Generator Stator Core 
Loss 

The frequency of the SHSPMG can be up to thousands of 
Hertz, which is much higher than that of traditional generators. 
The stator core loss increases with an increase of the generator 
frequency. Research on the generator core loss is very 
important for the stable operation of a SHSPMG. 

The main causes of stator core loss are the time harmonics 
and spatial harmonics in the generator, the change of the 
magnetic flux density in the stator core caused by the rotor 
PM magneto motive force, and the effect of the stator slot 
opening. The harmonic magnetic field rotates relative to the 
stator, and the magnetic flux density changes continuously in 
the stator core. This results in the generation of core loss. 

In the Bertotti stator core loss discrete model, the stator 
core loss is divided into three parts. These three parts are the 
stator hysteresis loss, stator eddy current loss and stator 
excess loss. The expression is as follow [28]: 

  (4) 

where Ph is the stator hysteresis loss, Pc is the stator classical 
eddy current loss, Pa is the stator excess loss component, kh is 
the hysteresis loss coefficient, kc is the classical eddy current 
loss coefficient, ka is the excess loss coefficient, f is the 
frequency, Bm is the magnetic density magnitude, and α is a 
constant of about 2. In the generator, kh is 305.82, kc is 0.30, 
and ka is 0.64. 

The stator core loss mainly includes the stator hysteresis 
loss and the stator eddy current loss. For the SHSPMG, the 
stator is laminated with a thin silicon steel sheet. Since the 
silicon steel sheet is very thin, the flow path of the eddy 
current is blocked. Therefore, the eddy current loss in the 
stator core is neglected in the analysis. Due to alternating 
between the armature magnetic field and the main magnetic 
field, the flux paths in the stator core are constantly changing. 
The hysteresis loss of the stator core is larger and cannot be 
ignored. Therefore, the loss of the stator core is mainly 
hysteresis loss. 

The value of the generator core loss under different 
frequencies is different. Through finite element calculations, 
the core loss under different frequencies is obtained, and the 
change of the core loss with a change of the frequency is 
shown in Fig. 6. It can be seen from Fig. 6 that with an 
increase of the frequency, the core loss is greatly increased. 
When the frequency is 400Hz, the core loss is 247W. When 
the frequency is 900Hz, the core loss is 914.6W. When 
compared with that when the frequency is 400Hz, it is 
increased by 667.6W, which is 3.7 times higher. When the  
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Fig. 7. Stator core loss density and magnetic flux density under 
different frequencies. (a) 400Hz. (b) 400Hz. (c) 1000Hz. (d) 
1000Hz. 
 

frequency is 1400Hz, the core loss is 1830 W. When compared 
with that when the frequency is 400Hz, it is increased by 
1583 W, which is 7.4 times higher. From the above analysis, 
it can be seen that with an increase of the frequency, the core 
loss of a SHSPMG is dramatically increased. The frequency 
of a SHSPMG has a significant influence on the core loss. 

The nephograms of the stator core loss density distribution 
and the stator core magnetic density distribution are shown in 
Fig. 7 when the generator frequency is 400Hz and 1000Hz, 
respectively. 

It can be observed that when the frequency is 400Hz, the 
difference in the magnetic flux density between 400Hz and 
1000Hz is not very obvious. However, the core loss when the 
frequency is 1000Hz is much higher than that of 400Hz. 
When the frequency is 400Hz, the maximum magnetic flux 
density of the stator core is 1.21T. When the frequency is 
1000Hz, the maximum magnetic flux density of the stator 
core is 1.27T. When the frequency increases from 400Hz to 
1000Hz, the value of the core loss increases from 43.7W to 
823.2W, which is an increase of 19 times when compared 
with that when the frequency is 400Hz. From the above 
analysis, it can be found that an increase in the frequency is 
an important reason for a rapid increase of the generator 
stator core loss. 

 

IV. INFLUENCE OF FREQUENCY ON THE VOLTAGE 

REGULATION RATE 

In previous studies, a preliminary investigation of the 
relationship between frequency and generator external 
characteristics has been made. This article presents a more 
detailed study of it. 

The voltage regulation rate is one of the most important 
performance indexes of a SHSPMG. If the generator voltage 
regulation rate is too high, it results in a high fluctuation of 
the output voltage, and has a negative influence on the stable  

 
Fig. 8. Voltage regulation rate under different frequencies. 
 
operation of the generator. The voltage regulation rate refers 
to the ratio of the generator output voltage to the back 
electromotive force EMF when the speed remains constant. 
The voltage regulation rate can be expressed as (5) [29]. 

              (5) 

where E0 is the generator no-load back EMF, U is the output 
voltage, and UN is the rated voltage. 

Based on the finite element method, the no-load back EMF 
and the output voltage of the SHSPMG under different 
frequencies are calculated. Combined with the voltage 
regulation rate formula, the voltage regulation rates of the 
SHSPMG under different frequencies are shown in Fig. 8. 

It can be seen that when the frequency is 400Hz, the 
voltage regulation rate is 6%. When the frequency is 900Hz, 
the voltage regulation rate is 2.86%. When the frequency is 
1400Hz, the voltage regulation rate is 2.82%. From Fig. 8, it 
can be seen that with an increase of the frequency, the voltage 
regulation rate shows a nonlinear downward trend, and the 
change of the voltage regulation rate becomes smaller and 
smaller. The no-load back EMF of the generator is proportional 
to the frequency. Therefore, when the output power is constant, 
the generator no-load back EMF increases with an increase of 
the frequency. At the same time, the current decreases with 
an increase of the frequency. Combined with the formula for 
voltage regulation, it is known that the voltage regulation rate 
decreases with an increase of the frequency. When the 
frequency varies from 400Hz to 900Hz, the voltage regulation 
rate varies by 3.14%. However, when the frequency varies 
from 900Hz to 1400Hz, the voltage regulation rate only varies 
by 0.04%. At the same time, it no longer shows an obvious 
downward trend. When the frequency exceeds 900Hz, the 
change range of the voltage regulation rate is less than 0.1%, 
and the value of the voltage regulation rate tends to be stable. 
It can be seen that when the frequency is lower than 900Hz, 
the voltage regulation rate is reduced as the frequency 
increases. However, when the frequency exceeds 900Hz, the 
increase of the frequency has little effect on reducing the 
voltage regulation rate. 

%1000 
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Fig. 9. Torque and the torque ripple under different frequencies. 

 

V. INFLUENCE OF FREQUENCY ON THE  
GENERATOR TORQUE 

The torque of a SHSPMG is generated by the interaction 
between the rotating magnetic field produced by the three- 
phase symmetrical sinusoidal current in the stator winding 
and the magnetic field produced by the permanent magnets. 
During operation, it makes air gap magnetic field distortion 
because of the armature reaction, the stator slotting, the 
generator processing technology and other reasons. In addition, 
it causes generator torque ripple. Torque ripple is an important 
index in generator steady operation. The torque ripple value 
has an obvious influence on generator vibration and noise. 
Based on the finite element method, the torque and torque 
ripple of a SHSPMG under different frequencies at the rated 
output active power are calculated, as shown in Fig. 9. The 
torque ripple formula is as follows [30]: 

       (6) 

It can be seen that when the frequency is 400Hz, the torque 
value is -27.75N·m, and the torque ripple is 4.57%. When the 
frequency is 900Hz, the torque value is -11.98N·m, which is 
43.2% of that of 400Hz, and the torque ripple is 4.98%. 
When the frequency is 1400Hz, the torque value is -7.68N·m, 
which is 27.7% of that of 400Hz, and the torque ripple is 
5.07%. When the frequency increases from 400Hz to 1400Hz, 
the torque value decreases nonlinearly with the increase of 
the frequency. At the same time, the torque ripple of the 
generator has an upward trend with the increase of the 
frequency. However, the growth rate is not very large. When 
the frequency increases from 400Hz to 1400Hz, the torque 
ripple increases by only 0.5%. Thus, the torque ripple can be 
approximately considered unchanged. The torque of the 
generator is directly proportional to the output power, and it 
is inversely proportional to the speed. Therefore, when the 
output active power is constant, the generator torque shows a 
downward trend with an increasing speed. The torque ripple 
is mainly caused by the cogging torque and the stator 
harmonic magnetic field cutting rotor. The cogging torque of 

the generator is constant, and it does not change with the 
frequency. With an increase of the generator frequency, the 
harmonic current frequency in the stator winding current 
gradually increases, and the torque ripple increases. Based on 
the above analysis, it can be concluded that the frequency 
cannot be increased blindly when the output active power is 
constant. If the generator frequency is too high, the output 
torque is reduced, and the advantages of a high power density 
cannot be fully exploited. 

 

VI. CONCLUSIONS 

In this paper, taking a 117kW 60000rpm SHSPMG as an 

example, based on the field circuit coupling theory and FEM, 
the transient electromagnetic field of the SHSPMG under 

different frequencies is studied when the output active power 
is constant. It can be found that frequency has a remarkable 

influence on the electromagnetic field of the SHSPMG. In 
addition, the following conclusions have been obtained. 

(1) When the generator frequency is lower than 400Hz, 
the output active power of the generator cannot 
increase up to the rated condition of 117kW. Therefore, 
in the design process of a SHSPMG, in order to ensure 
the rated output active power, the frequency should 
not be too low. 

(2) When the generator output active power is constant, 
with an increase of the frequency, the eddy current 
density in the rotor tends to decrease. At the same time, 
the eddy current loss also presents nonlinear decreasing 
trend, and this decreasing trend is even more subdued 
when the frequency increases from 400Hz to 1000Hz. 

(3) With an increase of the frequency, the core loss of the 
SHSPMG increases sharply. When the frequency 
increases from 400Hz to 1400Hz, the core loss increases 
by 7.4 times. This increase of the core loss reduces the 
generator efficiency and increases the heating, which 
is not conducive to the normal and stable operation of 
a SHSPMG. 

(4) With an increase of the frequency, the voltage regulation 
rate shows an overall nonlinear decreasing trend, 
which is caused by the influence of the frequency on 
the no-load back EMF and the output voltage. When 
the frequency exceeds 900Hz, the change range of the 
voltage regulation rate is less than 0.1%, and the 
voltage regulation rate tends to be stable. 

(5) When the output active power is constant, the torque 
of a SHSPMG decreases and the torque ripple increases 
with an increase of the frequency, which is caused by 
an increase of the harmonic current frequency in the 
stator winding current. In order to guarantee the high 
power density of the SHSPMG, the frequency should 
not be too high. 

%100
2

=ripple Torque minmax 



avgT

TT



 Influence of Frequency on Electromagnetic Field of …  987 
 

ACKNOWLEDGMENT 

This work was supported in part by the National Natural 
Science Foundation of China under Grant 51507156, in part 
by the University Key Scientific Research Programs of 
Henan province under Grant 17A470005, and in the part by 
the Graduate’s Scientific Research Foundation of Zhengzhou 
University of Light Industry under Grant 2017011. 

 

REFERENCES 

[1] M. Sadeghierad, H. Lesani, H. Monsef, and A. Darabi, 
“High-speed axial-flux permanent-magnet generator with 
coreless stator,” Canadian J. Electr. Comput. Eng., Vol. 34, 
No. 1/2, pp. 63-67, Winter-Spring 2009.  

[2] F. Wang, W. Zheng, M. Zong, and B. Wang, “Design 
considerations of high-speed PM generators for micro 
turbines,” in Proceedings of Proceedings. International 
Conference on Power System Technology, 2002. 

[3] J. L. F. Van der Veen, L. J. J. Offringa, and A. J. A. 
Vandenput, “Minimising rotor losses in high-speed high- 
power permanent magnet synchronous generators with 
rectifier load,” IEE Proc. - Electric Power Applications, 
Vol. 144, No. 5, pp. 331-337, Sep. 1997. 

[4] J. Wang, F. Wang, and X. Kong, “Losses and thermal 
analysis of high speed PM machine,” in Proc. 2008 Joint 
International Conference on Power System Technology and 
IEEE Power India Conference, 2008. 

[5] H. Bai, “Study of PWM rectifier/inverter for a high speed 
generator power system,” in Proc. 2010 Asia-Pacific 
Power and Energy Engineering Conference, 2010. 

[6] X. Zhang, W. Li, C. Gerada, H. Zhang, J. Li, M. Galea, D. 
Gerada, and J. Cao, “CQICO and multiobjective thermal 
optimization for high-speed PM generator,” IEEE Trans. 
Magn., Vol. 53, No. 6, pp. 1-4, Jun. 2017. 

[7] J. J. H. Paulides, G. W. Jewell, and D. Howe, “An 
evaluation of alternative stator lamination materials for a 
high-speed, 1.5 MW, permanent magnet generator,” IEEE 
Trans. Magn., Vol. 40, No. 4, pp. 2041-2043, Jul. 2004. 

[8] D. Joo, D. K. Hong, B. C. Woo, Y. H. Jeong, and D. H. Koo, 
“Iron Loss of 50 W, 100000 rpm permanent-magnet machine 
in micro gas turbine,” in Proc. 2012 Sixth International 
Conference on Electromagnetic Field Problems and 
Applications, 2012. 

[9] O. Aglen and A. Andersson, “Thermal analysis of a high- 
speed generator,” in Proc. 38th IAS Annual Meeting on 
Conference Record of the Industry Applications Conference, 
2003. 

[10] G. Berardi and N. Bianchi, “Rotor losses reduction in high 
speed PM generators for organic rankine cycle systems,” in 
Proc. 2017 IEEE Energy Conversion Congress and Exposition 
(ECCE), 2017. 

[11] A. A. Qazalbash, S. M. Sharkh, N. T. Irenji, R. G. Wills, 
and M. A. Abusara, “Rotor eddy loss in high-speed 
permanent magnet synchronous generators,” IET Electric 
Power Appl., Vol. 9, No. 5, pp. 370-376, Apr. 2015. 

[12] F. Martin, N. Bernard, M. E. Zaim, A. Tounzi, and R. 
Fratila, “Eddy current losses in permanent magnets of high 
speed synchronous generators,” in Proc. International 
Aegean Conference on Electrical Machines and Power 
Electronics and Electromotion, Joint Conference, 2011. 

[13] H. Qiu, B. Tang, W. Yu, S. Yuan, J. Wu, C. Yang, and G. 
Cui, “Analysis of the super high-speed permanent magnet 
generator under unbalanced load condition,” IET Electric 
Power Appl., Vol. 11, No. 8, pp. 1492-1498, 2017. 

[14] S. Niu, S. L. Ho, W. N. Fu and J. Zhu, “Eddy current 
reduction in high-speed machines and eddy current loss 
analysis with multislice time-stepping finite-element method,” 
IEEE Trans. Magn., Vol. 48, No. 2, pp. 1007-1010, Feb. 
2012. 

[15] J. Li, R. Qu, Y. Cho, and D. Li, “Reduction of eddy-current 
losses by circumferential and radial PM segmentation in 
axial flux permanent magnet machines with fractional-slot 
concentrated winding,” in Proc. 2015 IEEE Magnetics 
Conference (INTERMAG), 2015. 

[16] W. Y. Huang, A. Bettayeb, R. Kaczmarek, and J. C. 
Vannier, “Optimization of magnet segmentation for 
reduction of eddy-current losses in permanent magnet 
synchronous machine,” IEEE Trans. Energy Convers., Vol. 
25, No. 2, pp. 381-387, Jun. 2010. 

[17] J. D. Ede, K. Atallah, G. W. Jewell, J. B. Wang, and D. 
Howe, “Effect of axial segmentation of permanent magnets 
on rotor loss in modular permanent-magnet brushless 
machines,” IEEE Trans. Ind. Appl., Vol. 43, No. 5, pp. 
1207-1213, Sep. 2007. 

[18] J. H. Ahn, C. Han, C. W. Kim, and J. Y. Choi, “Rotor 
design of high-speed permanent magnet synchronous motors 
considering rotor magnet and sleeve materials,” IEEE 
Trans. Appl. Supercond., Vol. 28, No. 3, pp. 1-4, April 
2018. 

[19] L. Weili, W. Jing, Z. Xiaochen, and K. Baoquan, “Loss 
calculation and thermal simulation analysis of high-speed 
PM synchronous generators with rotor topology,” in Proc. 
2010 International Conference on Computer Application 
and System Modeling (ICCASM 2010), 2010. 

[20] W. Li, X. Zhang, S. Cheng, and J. Cao, “Thermal 
optimization for a HSPMG used for distributed generation 
systems,” IEEE Trans. Ind. Electron., Vol. 60, No. 2, pp. 
474-482, Feb. 2013. 

[21] F. Henrotte, E. Lange, and K. Hameyer, “An efficient field- 
circuit coupling method by a dynamic lumped parameter 
reduction of the FE model,” in Proc. 2008 13th International 
Power Electronics and Motion Control Conference, 2008. 

[22] X. Ma and S. Shen, “Parametric optimization and harmonic 
analysis on damper winding with direct time-step field and 
circuit coupling finite element method,” in Proc. 2009 
International Workshop on Intelligent Systems and Applications, 
2009. 

[23] I. A. Tsukerman, A. Konrad, G. Meunier, and J. C. 
Sabonnadiere, “Coupled field-circuit problems: Trends and 
accomplishments,” IEEE Trans. Magn., Vol. 29, No. 2, pp. 
1701-1704, Mar. 1993. 

[24] H. Dhulipati, S. Mukundan, K. L. V. Iyer, and N. C. Kar, 
“Skewing of stator windings for reduction of spatial 
harmonics in concentrated wound PMSM,” in Proc. 2017 
IEEE 30th Canadian Conference on Electrical and Computer 
Engineering (CCECE), Windsor, Canada, May 2017. 

[25] K. Yamazaki and A. Abe, “Loss analysis of interior 
permanent magnet motors considering carrier harmonics 
and magnet eddy currents using 3-D FEM,” in Proc. 2007 
IEEE International Electric Machines & Drives Conference, 
2007. 



988 Journal of Power Electronics, Vol. 19, No. 4, July 2019 
 

[26] L. Weili, Q. Hongbo, Z. Xiaochen, and Y. Ran, “Influence 
of copper plating on electromagnetic and temperature fields 
in a high-speed permanent magnet generator,” IEEE Trans. 
Magn., Vol. 48, No. 8 pp. 2247-2253, Aug. 2012. 

[27] W. Li, H. Qiu, X. Zhang, J. Cao, S. Zhang, and R. Yi, 
“Influence of rotor-sleeve electromagnetic characteristics 
on high-speed permanent-magnet generator,” IEEE Trans. 
Ind. Electron., Vol. 61, No. 6, pp. 3030-3037, Jun. 2014. 

[28] M. Ranlof, A. Wolfbrandt, J. Lidenholm, and U. Lundin, 
“Core loss prediction in large hydropower generators: 
Influence of rotational fields,” IEEE Trans. Magn., Vol. 45, 
No. 8, pp. 3200-3206, Aug. 2009. 

[29] Q. Wu, H. Xiong, L. Liu, G. Meng, H. Li, and L. Zhou, 
“Research on voltage regulation of a permanent magnet 
generator,” in Proc. 2011 International Conference on 
Electrical and Control Engineering, 2011. 

[30] M. J. Kermanipour and B. Ganji, “Modification in geometric 
structure of double-sided axial flux switched reluctance 
generator for mitigating torque ripple,” Canadian J. Electr. 
Comput. Eng., Vol. 38, No. 4, pp. 318-322, 2015. 

 
 

Hongbo Qiu received his M.S. degree from 
the Harbin University of Science and 
Technology, Harbin, China, where he also 
received his Ph.D. degree in Electrical 
Engineering, in 2014. He has been with the 
Zhengzhou University of Light Industry, 
Zhengzhou, China, since 2014. His current 
research interests include the electromagnetic 

and thermal analyses of electrical machines, especially in 
permanent magnetic machines. 
 
 

Yanqi Wei is presently working towards his 
M.S. degree in Electrical Machines at the 
Zhengzhou University of Light Industry, 
Zhengzhou, China. His current research 
interests include the electromagnetic and 
temperature coupling field analyses of high 
speed permanent magnet generators. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wei Wang is presently working as an 
Engineer at the Zhengzhou Power Supply 
Company, State Grid Corporation of 
China, Zhengzhou, China. His current 
research interests include grid connected 
distributed power systems, electric vehicle 
charging and power saving technology. 

 

 

 

Bingxia Tang is presently working at the 
Zhengzhou Water Investment Holding Co., 
Ltd., Zhengzhou, China. Her current research 
interests include the electromagnetic analyses 
of high-speed permanent magnet machines 
and water supply dispatching. 
 

 

 

 

Xifang Zhao is presently working towards 

his M.S. degree at the Zhengzhou University 

of Light Industry, Zhengzhou, China. His 

current research interests include the 

electromagnetic analyses of high-speed 

permanent magnet generators. 

 

 

 

Cunxiang Yang received his M.S. degree 
from Southeast University, Nanjing, China, 
in 1996. He is presently working as a 
Professor in the College of Electrical and 
Electronic Engineering, Zhengzhou 
University of Light Industry, Zhengzhou, 
China. His current research interests include 
the diagnosis of electric motors and the 

control of intelligent electrical apparatus. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


