Study on eddy current loss for AMTBs Mo, Shi, Zhou, Yu

Study on eddy current loss for active magnetic
thrust bearings considering load variation, noise,
and switching ripple currents

Mo Ni*, Shi Zhengang, Zhou Yan, Yu Suyuan

Institute of Nuclear and New Energy Technology (INET), Tsinghua University
Beijing, China

Abstract

Calculation of eddy current loss is an essential job in magnetic thrust bearings(MTBs) design in
specific applications. In this work, a comprehensive model of eddy current loss in MTBs is
presented. In this model, a fractional-order dynamic model is applied. The model parameters are
estimated by heuristic optimization algorithm. The close loop model is constructed with the
dynamic current stiffness and displacement stiffness. In this model, the load variation and sensor
noise are considered. The eddy current loss brought by load variation and sensor noise is
analyzed then. A pulse width modulation(PWM) switching power amplifiers(SPA) is also
modeled and the switching ripple current(SRC) is calculated by finite element analysis(FEA).
This result is applied to calculate the loss brought by SRC. According to the simulation results,
it is concluded that the heat by SRC is dominant in common applications.

1 Introduction

Eddy current is an important aspect in active magnetic bearings(AMBSs), especially for the magnetic thrust
bearings(MTBs). Considering manufacturing and cost, MTBs are commonly made of solid ferromagnetic material
with non-lamilated structure, although there are several other configurations presented in the literature. Some
conditions would lead to eddy currents, including control current caused by the thrust load variation, noise in the
control loop, and switching power amplifiers(SPAS) to drive the MTB coils. A lot of research work has been carried
out to demystify the eddy-current effects in AMB applications. Briefly, there are two major problems induced by
eddy currents, the first is that eddy currents cause magnitude decrease and phase lag of the magnetic force, and make
the dynamic characteristic of the MTBs worse. The other is power loss and the heating problem brought by eddy
currents. Especially in some vacuum applications, such as fly-wheels, there is no medium for heat conduction and
convection. Eddy currents in the thrust disc produce heat which can only be brought out by thermal radiation. The
heat accumulation makes the rotor temperature rise. This is a critical problem in vacuum applications.

In reference[1][2], analytical approaches to calculate the eddy currents in MTBs were presented. The eddy-current
effect was modeled with frequency-dependent half-order dynamic reluctance. The work was extended by other
researches. In reference[3], a fractional differential equation(FDE) model was constructed based on the half-order
reluctance model. Simulation results of eddy currents when the MTB coil was driven by a SPA were obtained by
solving the FDEs. The switching ripple current(SRC) was calculated.

In this paper, a comprehensive model of eddy current loss in the MTB is presented in Section 2. A fractional-order
dynamic model is applied. The control loop is included by which the alternating control currents brought by load
variation and noise can be considered. The influences of load variation and sensor noise are analyzed then. A pulse
width modulation(PWM) SPA is also modeled and the SRC is calculated. This result is applied to calculate the loss
brought by SRC. In Section 3, a MTB in practical is studied as a demonstration. According to the simulation results,
it is noted that the heat by SRC is dominant in this application. Section 4 concludes the paper, and some suggestions
for design and manufacturing are made further.

2  Modeling
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2.1  Components in the loop

The close loop of MTB is described in Figure 1. In this model, K_(S) presents the controller, M is the mass of the
rotor, X is the displacement of rotor in z-direction, I is the control current, I is the setting signal, W is the sensor
noise, and d is the disturbance force, which usually comes from load variation for MTBs. In classical models, the
current stiffness ki and displacement stiffness kX are obtained by linearization at the equilibrium point and no
dynamic characteristic is considered. When the eddy current is studied, dynamic stiffnesses models are obtained[2],
which are expressed by K; (S) and K, (S) .
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Figure 1: Diagram of close loop model of MTB
Although the eddy current loss is calculated in reference[4], the alternating current and displacement must be
determined before calculating the loss. In practical situation, the sensor noise and the load variation are usually
evaluated for AMB design. This information can be utilized to evaluate the alternating control current and
displacement. The sensitivity function from w to i, from w to x, from d to i, and from d to x are calculated from the

model in Figure 1. They are H,,,H,,,,H,, and H,,, asin Equation (1) to (4).
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de = 2
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2.2  Dynamic stiffnesses

In reference[2],dynamic stiffnesses are calculated through a half-order dynamic reluctance. Analytical approaches
are proposed. Results are validated by both FEA calculation and experiments measurements. A more general
approach is proposed in this work. The FEA is applied to calculate the dynamic forces driven by alternating currents
with a sweep of interested frequencies. Then, the dynamic force is expressed in the form of equation (5). Three
parameters need to be estimated, and this is done through a heuristic optimization algorithm. The particle swarm
optimization(PSO) method is applied here. This is simple to apply, and reference[5] could be refered to have more
details of this algorithm.

fO

e

()



Study on eddy current loss for AMTBs Mo, Shi, Zhou, Yu

With dynamic force formulated in equation (5), the dynamic current stiffness is formulated in equation (6), in which
kiO is the static current stiffness. The assumption in reference[2] that the displacement stiffness has the same
dynamic characteristic with current stiffness is adopted here, then, the dynamic displacement stiffness is expressed
in equation (7), and kXO stands for the static displacement stiffness. kiO and kX0 are obtained through FEA
calculation.

k

k() =17 Qfsbz (6)
k
kx (S) = 1+ l;lOsz (7)

2.3 Switching ripple current

With the development of power electronics, SPAs are usually applied as actuators of AMB controller. Compared to
linear amplifiers, switching ripple current is one of the important aspects of SPA applications. Generally speaking,
SRC consists of harmonic of high frequencies. This would bring additional eddy current loss in MTBs. In
reference[3], the half-order dynamic reluctance is applied to form a FDE model. Time-domain simulation is carried
out to obtain the waves of SRC. After the physical principle of SRC is analyzed, it could be noted that the SRC is
determined by the charging voltage and switching frequency of the SPA. In this work, the SRC wave is obtained by
FEA, and then the loss by SRC is calculated according to the wave and switching frequency.

3 Case study
3.1 MTB parameters

A MTB is adopted for demonstration. This MTB is intended to work in a real motor. The structure of the MTB is
described in Figure 2. The material for the stator and the disk is 40CrNiMoA, the parameters are listed in Table 1.

Figure 2: Structure of the MTB

Table 1: Parameters of the MTB

Name Value Name Value
r0 165mm rl 28mm
r2 24mm r3 42mm
r4 24mm r5 16mm
r6 10mm r7 145mm
r8 154mm hl 32mm



h2 58.2mm h3 5.8mm
h4 28.7mm nominal Air-gap(gap) 0.8 mm
coil turns(N) 70 static load 45 kN

conductivity of 40CrNiMoA  1e7 siemens/m

3.2 Working point calculation

The static load is assumed to be 45 kN. The nonlinear B-H curve of 40CrNiMoA, which is described in Figure 3, is
adopted to calculate the static working point.
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Figure 3: B-H curve of 40CrNiMoA

The static magnetic forces with a sweep of driving currents are presented in Figure 4. It is shown that a driving
currents of 22A generates a magnetic force of 47 kN. This is chosen as the static working point. The magnetic flux

density is about 0.9~1 T, as in Figure 6. Then, according to the B-H curve in Figure 3, the relative permeability U,
for eddy current calculation is determined as 663.
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Figure 4: Magnetic forces vs driving currents
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Figure 5: Magnetic forces vs air-gaps
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Figure 6: Magnetic flux density distribution
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The static magnetic forces when the air-gap varies in a neighborhood of the nominal value are calculated by FEA,
the result is presented in Figure 5. According to Figure 4 and Figure 5, ki0 and kXo are calculated as

k, =4.223x10° N/ A
k, =8.708x107 N/m.

3.3 Dynamic stiffness calculation

The dynamic forces considering eddy current effects are calculated by FEA with the frequency sweep from 0.1 Hz
to 1000 Hz. The result is utilized to estimate the parameters in equation (6) and equation (7). A comparison with the
analytical model in reference[4] is presented also. It is seen that the estimation model has better precision.
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Figure 7: Normalized magnitude of dynamic force
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Figure 8: Phase of dynamic force

The parameters in equation (6) and equation (7) are estimated as

b =0.337
b2=0.920.

3.4 Close loop analysis

To close the control loop of MTB, a controller KC (s) is designed as in equation (8).

Ko ¢ .

K.(s) =K, + %1 + '1
1+—s 1+-—s

@y @,

This is a classical PID controller. The control parameters are designed as

(®)
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K., = 40000
K, =4000
K, =4000
o, =628
», =6.28.

Then, the sensitivity functions as equation (1)~(4) are evaluated with the close loop model. The amplitude frequency
response characteristics of the sensitivity functions are presented in Figure 9. It is noted that, the response from w to
X, from d to i, and from d to x fading to very small level when frequency goes up to several decades Hertz. Only the
response from w to i keeps considerably large.

The motor is design to operate at a rated speed of 4000 rpm, which is about 66.7 Hz. Excluding the high frequency
noise from sensors, it is reasonable to assume that the sensor noise and load variation is likely to with the frequency
of Nx rated speed. According to the analysis of the sensitivity functions, only the response from w to i should be
taken into account to calculate the eddy current loss.
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Figure 9: amplitude frequency response of sensitivity functions

The equivalent resistance of the coil could be calculated by FEA. It is fitted to a model expressed in equation (9).
The three parameters in the model is estimated by PSO, as r0=0.223, b3=1.130, and b4=0.575. The eddy current loss
can be obtained directly with the equivalent resistance and the sensitivity function from d to i and from w to i. It is

presented in Figure 10.
R(w) = R,(L+b,0™) 9)
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Figure 10: Frequency response of eddy current loss

It is assumed the amplitude of sensor noise is 0.01 mm with frequency of 66.7 Hz, when the motor runs at rated
speed. The eddy current is estimated to be 0.413 A. The eddy current loss power is about 0.72 W.

3.5 Switching ripple current
The SPA is designed with charging voltage of 300V, and switching at frequency of 20 kHz. The SRC is

calculated by FEA method. the SRC wave is presented in Figure 11.Then, the eddy current loss caused by SRC is
estimated to be 588W.
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Figure 11: SRC wave through the coil
3.6 Loss analysis
The resistance of the coil is estimated to be 0.358Q. The copper loss at the working point is about 173W.

The composition of the loss is presented in Figure 12. It is very clear that the eddy current loss by control current is
very small, and SRC plays the most important role.
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Figure 12: Components of power loss

Conclusion

A comprehensive model is constructed to analyze the eddy current loss in AMTBs. By this model, the loss by
control current and by SRC is calculated. FEA and heuristic optimization algorithm are utilized in this approach. It
is convenient to apply in practical projects. According to the simulation, it is noted that the SRC causes the biggest
component of loss. To reduce the heating by SRC, innovative structure of MTBs could be applied, and power filters

could be designed[6].
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