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Abstract—By using high speed maglev generator, the 

efficiency of low temperature waste heat generation system 

can be improved significantly. In this paper, the unbalanced 

magnetic pull (UMP) in the maglev generator, caused by 

dynamic and static eccentricity, is calculated theoretically, 

and the analytical expression of the UMP is obtained based 

on Maxwell stress tensor method. Then, the vibration of a 

maglev rotor system under the action of the UMP and the 

mass unbalance force is analyzed by the numerical method. 

Lastly, the effects of different eccentricities, torque angles 

and loads on the rotor vibration are discussed in detail．The 

conclusions for the maglev rigid rotor system are useful for 

the future research. 

I. INTRODUCTION 

The form of "turbine - reducer - generator" is 
commonly adopted by the traditional low-temperature 
waste heat power generation equipment, in which, the 
loss caused by the transmission and bearing system is up 
to 10% of the power of whole machine. Thus, these 
equipment have the disadvantages of low power 
generation efficiency, high cost, and large size, which 
limits their scale of development.  

High-speed maglev turbine generator is developed by 
the reference of maglev aero-engine related technologies. 
The efficiency of it can be increased by 10% to 15% 
compared with traditional generator due to the removal 
of mechanical bearings, gearbox, and lubrication and oil 
supply system, which has great significance for the 
development of Chinese high-end manufacturing 
industry and low-carbon environmental protection 
policies [1-4]. 

However, the stiffness of magnetic bearings is much 
lower than that of general mechanical bearings [5]. There 
exists a great dynamic eccentricity when the rotor rotates, 
which will cause unbalanced magnetic pull (UMP) of 
motor, with the combined action of rotor mass 
unbalanced force and magnetic bearing control force, it 
can cause complex vibration of the generator rotor. In 
severe cases, the entire magnetic suspension system may 
be destabilized. Therefore, it is necessary to study the 
vibration mechanism of the maglev generator rotor. 

The analysis of the vibration characteristics of 
eccentric rotor focus on conventional motors. The 
influence of static and dynamic eccentricity on the 

magnetic induction, output torque and loss of motor were 
presented in [6], and many valuable conclusions were 
obtained. According to the results of finite element 
analysis, the RBF neural network was used to establish 
the radial unbalanced force model in [7]. Considering 
both the static and dynamic eccentricity, the dynamic 
model of the permanent magnet motor rotor was 
established [8]. The unbalance response of the permanent 
magnet motor rotor was calculated based on FEM, and 
the vibration characteristics of the motor was analyzed 
[9]. The analytical model of the eccentric air gap 
magnetic field of a permanent magnet rotor was 
established by the regular perturbation theory, and the 
unbalanced tension under no-load condition was 
calculated [10]. However, there are few literatures about 
maglev motors. The vibration mechanism of maglev 
rigid rotor system was studied and its dynamic model 
was established, but the influence of the UMP was not 
taken into account [11]. The influence of UMP on the 
vibration of rotor and the stiffness of magnetic bearing 
was studied based on FEM, and many valuable 
conclusions were obtained. However, the conclusions 
were based on specific finite element model and the 
analytical model of the UMP was not obtained [12]. The 
radial magnetic force model of  BSRM was established 
in consideration of magnetic saturation, but the effect of 
different eccentricity on the UMP and the vibration of 
rotor were not considered[13,14]. The radial force model 
of BSRM was established based on virtual displacement 
method, but the influence of rotor dynamic eccentricity is 
neglected in the derivation process [15].  

In this paper, the analytical model of the UMP based 
on maglev generator is derived by the Maxwell stress 
tensor method and EMC. Combining with the 
unbalanced mass excitation of rotor and the control force 
of the magnetic bearings, the torque coupling and the 
vibration of rotor are studied. The conclusion obtained 
can provide theoretical support for suppressing the 
vibration of maglev generator.  

II. MATHEMATICAL MODEL OF UMP OF PM MOTOR 

 Due to machining and assembly errors, the center of 
magnetic bearings stator, displacement sensor, catcher 
bearings [16], and motor stator are not in a straight line, 
while the rotor should suspend in the center of the 
catcher bearings according to the principle of magnetic 



bearings, which causes the initial static eccentricity 
between the stator and rotor. Meanwhile, since the 
stiffness of magnetic bearing is relatively small, the rotor 
will rotate around one axis between its geometrical 
symmetry axis and the inertia spindle, and the dynamic 
eccentricity is generated. The schematic diagram of the 
rotor centroid cross section at this point is shown in 
Figure 1. 

 

 

Figure 1. Cross-section of the maglev stator-rotor under air-gap 

eccentricity 

Where O is the center of the motor stator, O1 is the 

center of catcher bearing, O1
′

is the geometric center of 

the rotor, δ0 is the nominal air gap length, d0 and γ0 are 
the initial eccentricity and the eccentric angle under the 
static eccentricity; d and γ is actual eccentricity and 
eccentric angle of the rotor after taking the dynamic 
eccentricity into account; x and y are the offsets of the 
geometric center of the rotor from the horizontal and 
vertical direction of the maglev center. (It is assumed that 
the x direction is the same as the A axis of stator). 

Since the rotor radius is much larger than the rotor 
center offset, the air gap length at any angle θ can be 
approximated as: 
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Both the eccentricity and the eccentric angle in the 
equation can be expressed as a function of x and y. 
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The permeability at any air gap of motor can be 
expanded into a Fourier series form [17]: 
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Where dS is the area of the magnetic pole area 
corresponding to the unit angle θ, ε is the relative 
eccentricity, and ε=d/δ0. The coefficient of Λn is shown in 
Appendix A. 

According to the principle of the permanent magnet 
motor, the MMF of PM motor is composed of the 
permanent magnet equivalent MMF Fj and Armature 
MMF Fs under the condition of load. These two MMF 
remain synchronized at steady state and exhibit different 

phase differences under different control strategies. The 
resultant MMF in the air gap can be expressed as: 
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Where p is the rotor pole pair number; Fj0 and Fs0 

represent the fundamental wave amplitudes of MMF of 
stator and rotor; α is the relative electrical angle between 
d-axis of the rotor and A-axis of the stator at any time. 
The frequency is equal to the frequency of the emitted 
current ωe=pωr; λ is the angle between the MMF of stator 
and rotor (torque angle), which is related to the control 
strategy of motor. 

Ignoring the magnetic potential of ferromagnetic 
materials, the expression of the magnetic induction 
intensity of the air gap at any angle θ based on EMC is: 
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According to the basic formula of Maxwell stress 
method, the high-order term in the air gap permeability 
series is ignored, and only the first four items are 
retained in the calculation. In the case of one pole pair, 
the UMP in x and y direction of the rotor is shown in 
formula (7), where μ0 is the vacuum permeability and kn 
is the coefficient of UMP. See Appendix B for more 
details.  
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Obviously, the UMP of rotor under load is very 
complicated. The static eccentricity of the conventional 
motor is dominant, thus, if the dynamic eccentricity is 
ignored (that is, d and γ are constant values), the UMP 
includes three fixed-direction force vectors, three double 
frequency positive sequence components and three 
double frequency negative sequence components. 
However, the dynamic eccentricity of maglev rotor 
cannot be ignored. The eccentric angle of the rotor is not 
fixed, but rotates at the same frequency as that of the 
rotational speed. Therefore, let α = ωrt; γ = ωrt + φ. 
Assuming that the d-axis of rotor coincides with the 
A-axis of stator at initial position, φ represents the initial 
phase difference between the A-axis and the eccentric 
position. Bring it into formula (7), it is easy to find that 
all nine items of the UMP in the steady state are positive 
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sequence components with the same frequency as the 
speed. Therefore, the total UMP exhibits a rotational 
force vector with the same frequency and direction as the 
rotational speed, but the amplitude and phase of UMP are 
not determined, and depend on many factors such as the 
eccentricity, the torque angle (depending on the load and 
the motor control strategy), and the initial phase 
difference between the MMF and the eccentric angle. 

It is necessary to simplify the formula (7), which is 
too complex and difficult to solve. In order to ensure the 
universality of the conclusions, qualitative analysis of 
each component in the formula is carried out. The 
magnitude of each component is analyzed under different 
eccentricity and load rates, and the curves obtained are 
shown in Figure 2. 

 
Figure 2. Unbalanced magnetic pull coefficient against eccentricity 

and load rate 

It is obvious that the amplitudes of the coefficients k5, 
k8, and k9 within the entire load range and 10% 
eccentricity are extremely small, therefore, 5th, 8th, and 
9th items in formula (7) are negligible The coefficients 
of the 2nd and 3rd items are the same and the phase is 
symmetric about γ. Thus, they can be merged into one 
force vector with the first items which is in the same 
direction as the eccentricity. The 4th, 6th, and 7th items 
are related to the unknown angle φ, so the synthesis can 
be seen as synchronous component, the direction of 
which is different from that of eccentricity, and the phase 
changes with the load and the eccentricity. 

III. DYNAMIC MODELING OF MAGLEV ROTOR UNDER 

UMP. 

Figure 3 shows a simplified diagram of the rotor shaft 
system of a maglev generator. It consists of maglev rotor, 
generator stator, magnetic bearings, displacement sensor, 
and catcher bearing. Where A and B are the supporting 
positions of the radial magnetic bearings, xA and xB are 
the displacements corresponding to the radial magnetic 
bearings in the x direction, and OC is the centroid of rotor. 
The spatial coordinate system and its positive direction 
are shown by the arrows in Figure 3. 

 
Figure 3. Schematic diagram of magnetic suspension rotor shafting 

1. Turbine impeller; 2. Radial magnetic bearing A; 3. Generator stator; 
4. Maglev rotor; 5. Radial magnetic bearing B; 6. Radial displacement 

sensor; 7. Catcher bearing 

In the radial direction, the maglev rotor is subjected 
to a combination of unbalanced mass force, UMP, and 
control force of magnetic bearing. The control force fmb 
of magnetic bearing near the working point can be 
regarded as a linear function of displacement and control 
current [4]: 

ikdkf  idmb   

Where d is the eccentric displacement of rotor in a 
certain direction; i is the control current of the magnetic 
bearing; kd is the displacement stiffness of the magnetic 
bearing and ki is the current stiffness. The control current 
i is determined by the eccentric displacement and the 
specific control strategy. For the commonly used PID 
control strategy, the expression of i is as follows: 

APID)( GGdi    
Where GA is the transfer function of the power 

amplifier, which can be considered as a proportional 
component if the bandwidth of the power amplifier is 
large enough. The UMP of motor fump is shown in 
formula (7). The unbalance mass fubm on the x, y axis can 
be expressed as: 
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Where ep is the eccentricity of rotor (the distance 
from the center of mass to the centroid), 

22 yxd   is the distance from the centroid to the 

center of rotation, that is, the dynamic eccentricity, and φ 
is the phase of the unbalance mass. According to the 
formula (7~10) and the basic principle of rotor dynamics, 
the dynamic model of radial maglev rigid rotor system 
can be established as: 

ubid EfiKxKxGxM     

Where x=[xA, xB, yA, yB]
T
 is the displacement of the 

maglev rotor relative to the equilibrium position of 
bearing A and B; i is the control current matrix of the 
magnetic bearings; fub represents the unbalanced 
excitation, mainly including the unbalance mass fubm and 
the unbalance magnetic pull fump; M is the generalized 
mass matrix; G is the gyro matrix; Kd is the displacement 
stiffness matrix; Ki is the current stiffness matrix; E is the 
unbalanced excitation response coefficient matrix, and 
the detailed expression is shown in Appendix C.  

IV. ANALYSIS OF THE CALCULATION RESULTS  

A. Analysis of the Calculation Results of UMP 

In this paper, the UMP and its influence on the 
vibration of rotor are studied based on a 100kW 
high-speed maglev generator. The main parameters of the 
generator are shown in Table 1. 

TABLE I. PARAMETERS OF THE MAGLEV GENERATOR 

Parameters value 

Rotor quality 12.5 kg 

Rotor equatorial inertial moment 0.2526 kg∙m2 

Rotor polar inertial moment 0.0096 kg∙m2 

air gap length 5 mm 
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Stator effective length 136 mm 

Rotor diameter 56 mm 

The length of the magnetic bearing A  

to the center of mass 
101 mm 

The length of the magnetic bearing B  

to the center of mass 
199 mm 

 

As shown in Figure 4, Figure 4(a) and (b) are the 
force conditions of the rotor under no static eccentricity 
and 0.1mm dynamic eccentricity. The four curves 
respectively represent the UMP of rotor in the x direction 
at four different initial dynamic eccentric angles, and the 
curves 1-4 correspond to the initial dynamic eccentric 
angles φ=0°, 30°, 60°, and 90°. In this case, the 
amplitude of the UMP is: 60.0N, 54.7N, 35.2N, 20.3N. It 
can be seen that under no-load conditions, the UMP 
depends not only on the eccentricity, but also on the 
angle between the eccentricity and the MMF. In the case 
of same dynamic eccentricity, if the direction of MMF is 
the same as the eccentricity (φ=0°), the UMP of rotor is 
the maximum, and the phase of it is the same as that of 
dynamic eccentricity. If the direction of MMF is different 
from the eccentricity, the amplitude of UMP decreases 
and the phase shifts. The amplitude of UMP is the 
minimum when the direction of MMF is perpendicular to 
the eccentric direction (φ=90°). Combining the UMP of x, 
y direction into one vector, as shown in Figure 4 (b). It 
can be seen that the UMP vector trajectory is circular 
only under dynamic eccentricity, and the amplitude of 
UMP in the x, y direction is always the same. The phase 
difference between the direction of MMF and 
eccentricity only affects the amplitude and phase of UMP 
without distorting the trajectory of the resultant force. 

Figure4(c) and (d) show the UMP of rotor under both 
static eccentricity (magnitude 0.02mm) and dynamic 
eccentricity (magnitude 0.1mm). The curve 1-3 in the 
Figure correspond to the static eccentricity angles γ0 =0°, 
45°, and 90° respectively. In order to verify the effect of 
static eccentricity, setting the initial dynamic eccentricity 
angle φ = 0°, the amplitude of UMP does not change 
much with the change of γ0, but its waveform shows a 
direct current component. As shown in figure4(c), the 
mean value of curve 1-3 are 6.25N, 4.5N, and 3×10

-15
N. 

It can be seen that when the static eccentricity is 
completely in x direction, the offset of Fx is maximum. 
When the static eccentricity is completely in y direction, 
the Fx is not affected, and the positive and negative half 
cycles are symmetrical, while the situation in the 
direction of y is opposite. It can be concluded that the 
static eccentricity will offset the UMP, and the direction 
of the offset is the same as that of static eccentricity. 

 Figure 4.  The waveforms of unbalanced magnetic pull under 

no-load 

 Figure 5. The waveforms of unbalanced magnetic pull during 

full-load 

The force condition of the rotor under full-load is 
shown in Figure 5. Figure5 (a) and (b) show the UMP of 
rotor under dynamic eccentricity (0.1mm) and the initial 
phase difference angle φ= 0°. With the influence of 
different motor control strategies, the stator and rotor 
torque angle are different. In the paper, four conditions 
are studied. The curve 1-4 in the corresponding figure 
indicate the UMP in the x direction of rotor as the stator 
and rotor torque angle λ is 0°, 30°, 60°, and 90°, and the 
respective amplitudes are 100.3N, 95.1N, 81.4N and 
63.6N. It can be seen that the change of torque angle 
affects both the amplitude and phase of UMP.  The 
UMP of rotor is the maximum when the torque angle is 
zero. With the increase of the torque angle, the UMP is 
gradually reduced, and the phase is also changed. When 
the torque angle reaches 90°, the UMP is minimum. 

Figure5 (c) and (d) show the UMP of rotor under 
both static eccentricity (magnitude 0.02mm, static 
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eccentricity angle γ0=45°) and dynamic eccentricity 
(magnitude 0.1mm). As shown by these pictures that the 
UMP offsets in the positive direction of the x and y axes, 
and the change in its amplitude is the same as that in (a) 
(b). The UMP is the maximum when the torque angle is 
0°, and the minimum when the torque angle is 90 °. 

The following conclusion can be obtained through 
the analysis of the UMP under no-load and full-load 
conditions: (1) The initial phase difference φ has great 
influence on the UMP, and when φ=0°, the UMP is 
maximum, when φ=90°, the UMP is minimum; (2) Static 
eccentricity has less influence on the UMP, but it 
produces DC component, and the magnitude of the DC 
component is proportional to that of static eccentricity, 
its direction is the same as that of static eccentricity; (3) 
The torque angle λ has a great influence on the UMP. 
When λ=0°, the UMP is the maximum, and when the 
λ=90°, the UMP is the minimum. 

B. Analysis of the Vibration of Maglev Rotor  

In section 2 of this paper, the dynamic model of the 
maglev rotor with unbalanced excitation is deduced as 
shown in formula (11), which satisfies the forced 
vibration form of the damping system under the 
harmonic force. Based on the maglev generator shown in 
Table 1, setting the speed to 9000r/min, the eccentricity 
of the rotor ep = 10μm, and solve formula (11). The 
simulation results are shown in Figure 6. 

 Figure 6. Simulation waveforms of rotor radial vibration with and 

without unbalanced magnetic pull 

Figure 6 (a) and (b) are the axial trajectory and 
vibration waveform of the rotor in x direction only under 
the unbalance mass. The outer ring in Figure 6(a) 
represents the rotor's limit vibration range (0.1mm), 
beyond which the rotor will collide with the catcher 
bearing. It can be seen that under current rotation speed, 
if only the mass unbalance force is applied, the vibration 
of the rotor is small, and only 15μm after stabilization. 
Figure 6 (c) and (d) are the axial trajectory and vibration 
waveform of rotor in the x direction under   both the 
mass unbalance force and UMP. It can be seen that the 

vibration increases significantly after taking the UMP 
into account, and reaches 34μm after stabilization, which 
is more than double the former. Therefore, the influence 
of UMP on the vibration of maglev rotor cannot be 
ignored. 

V. TEST VERIFICATION 

In order to verify the conclusion, experimental study 
of a 100kW maglev generator is carried out. The main 
parameters are shown in Table 1. Since the UMP is 
difficult to be test, the test mainly examines the influence 
of UMP on the suspension performance of the rotor at 
different torque angles. In the test, the speed of motor is 
raised to 4800 r/min. Meanwhile, the torque angle of the 
motor λ is adjusted through the vector control algorithm 
and the vibration of the rotor is observed, the results are 
shown in Figure 7. 

 Figure 7. Experimental waveforms of rotor radial displacement under 

the different torque angle 

Figure7 shows the radial vibration of the maglev 
rotor. The torque angle of the motor in 7 (a) is close to 
zero, and the armature current largely acts on the d-axis 
of the rotor. At this time, the frequency of the vibration 
signal detected by the radial displacement sensor is 80Hz, 
the peak value is 1.04V, and the measurement accuracy 
of the sensor is 20V/mm. At the current rotation speed, 
the rotor is subjected to forced vibration at the same 
frequency as the rotation speed under the combined 
action of the mass unbalance force and the UMP. The 
amplitude of the vibration is 26μm. At the same speed 
and the same bearing control parameters, the vector 
control algorithm of the frequency converter is adjusted 
to change the torque angle to 90°. The vibration of the 
rotor is shown in Figure 7(b). At this time, the amplitude 
of the vibration is reduced to 12μm, which is only 46.15% 
of 7(a). Since the rotational speed and the control 
parameters of the magnetic bearing speed in these two 
tests are exactly the same, that is, the mass unbalanced 
force and the supporting characteristics in 7(a) and (b) 
are exactly the same. While the vibration of the rotor has 
changed greatly, which proves that the maglev rotor is 
actually affected by the UMP, and it is consistent with 
the theoretical analysis in Section 3. The smaller the 
torque angle, the greater the influence of unbalanced pull 
force. The smaller the torque angle, the greater the 
influence of UMP. 

VI. CONCLUSION 

In this paper, the UMP and the radial vibration of 
maglev rotor are studied based on the high-speed maglev 
generator. The analytical expression of the UMP is 
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derived based on the EMC and Maxwell stress tensor 
method. The main factors affecting the UMP are 
analyzed in detail through calculations, simulations and 
tests. The following conclusions can be drawn: 

(1) In the maglev motor, where dynamic eccentricity 

is dominant, the UMP of the rotor appears as a 

rotational force vector with the same frequency and 

direction as that of rotation speed, and its 

amplitude and phase depend on the eccentricity, 

torque angle λ, and the initial phase difference φ 

between the MMF of rotor and the eccentric angle. 

(2) Under no-load condition, the initial phase 

difference φ has a great influence on the UMP. 

With the same eccentricity, if φ = 0°, the UMP is 

maximum, and the phase of it is the same as that of 

the eccentricity. If φ = 90°, the UMP is minimum. 

(3) Under load condition, the UMP is affected by the 

torque angle λ. With the same MMF of stator and 

rotor, if λ = 0°, the UMP is maximum. With the 

increase of λ, theUMP gradually decreases, and the 

phase also changes. If λ=90°, the UMP is 

minimum. 

(4) Simulations and experiments prove that the UMP 

has great influence on the vibration of maglev rotor 

and cannot be ignored. While the UMP can be 

effectively reduced by adjusting the motor control 

strategy. 
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Appendix A: 

The permeability at any air gap of the motor can be expanded into Fourier series. 
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Where dS is the area of the magnetic pole area corresponding to the unit angle θ, ε is the relative 

eccentricity, and ε=d/δ0. The coefficient of Λn is shown in formula2. 
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Appendix B: 

The UMP of the rotor in the x and y directions is shown in formula (1), where μ0 is the vacuum 

permeability and kn is the coefficient of UMP. 
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Appendix C: 

According to the basic principles of rotor dynamics, the dynamic model of  radial magnetic 

suspension rigid rotor system is established: 



ubid EfiKxKxGxM    (1) 

Where x=[xA, xB, yA, yB]
T
 is the displacement of the maglev rotor relative to the equilibrium position 

at bearing A and B; i is the control current matrix of the magnetic bearings; fub represents the 

unbalanced excitation, mainly including the unbalance mass fubm and the unbalance magnetic pull fump; 

M is the generalized mass matrix; G is the gyro matrix; Kd is the displacement stiffness matrix; Ki is the 

current stiffness matrix; E is the unbalanced excitation response coefficient matrix, and the detailed 

expression is shown below: 
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