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Abstract: Aiming at the influence of the magnetic flux density uniformity error (MFDUE) of the
Lorentz force magnetic bearing (LFMB) on the sensitivity accuracy of magnetically suspended control
and sensing gyroscopes (MSCSGs) on the angular rate of a spacecraft, a high precision measurement
method of the angular rate of a spacecraft based on the MFDUE compensation of LFMB is proposed.
Firstly, the structure of MSCSG and the sensitivity principle of MSCSG to the spacecraft angular
rate are introduced. The mechanism influencing the accuracy of MSCSG to spacecraft angular rate
sensitivity is deduced based on the definition of magnetic flux density uniformity. Secondly, the 3D
magnetic flux distribution of LFMB is analyzed using ANSYS. The relationship between the rotor
tilt angle, tilt angular rate, and magnetic flux density is established. The induced current calculation
model due to MFDUE is proposed, and the LFMB magnetic flux density error compensation is
realized. Finally, the simulation results show that the estimation accuracy of the induced current
by the proposed method can reach 96%, and the simulation and the experiment show that the error
compensation method can improve the accuracy of MSCSG in measuring the spacecraft angular rate
by 12.5%.

Keywords: angular rate sensitivity; error compensation; Lorentz force magnetic bearing (LFMB);
magnetic flux density; rotor tilt

1. Introduction

Magnetic bearings are playing an increasingly important role in the aerospace field
because of their advantages, such as frictionless, long life, low energy consumption, and
low noise [1-3]. Magnetically suspended control and sensing gyroscopes (MSCSGs) use
magnetic bearings to control the five degrees of freedom (DOF) of magnetically suspended
rotors [4-6]. MSCSGs have great development prospects in the field of spacecraft platform
control due to their functions of attitude control and angular rate measurements at the
same time [7-9].

The angular rate of MSCSGs can be calculated by detecting the current in the coils
of Lorentz force magnetic bearings (LFMBs) so that the accuracy of LFMB design and
machining directly affect the angular rate measurement accuracy of MSCSGs [10-12].
The compensation of the LFMB magnetic flux density uniformity error (MFDUE) is an
effective way to improve the angular rate measurement accuracy of MSCSGs because the
magnetic flux density uniformity (MFDU) of LEMB coils” working air gap is the main factor
affecting the current accuracy [13,14]. There is currently little research into the analysis and
compensation of LEFMB MFDUE. The main way to eliminate the error is to improve the
magnetic circuit structure of LFMB. Yu [15,16] proposed a kind of LFMB for controlling
the 2-DOF active tilt of a magnetically suspended inertia momentum wheel. However, the
proposed structure had low air gap density uniformity and magnetic field intensity, which
increased the energy consumption of LFMB. Xu [17] concluded that the MFDU of an LFMB
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working air gap is an important factor affecting the angular rate measurement accuracy of
MSCSGs. He proposed a trapezoidal permanent magnet structure, which greatly improved
the axial magnetic field intensity uniformity of the working air gap but did not solve the
lack of circumferential MFDU caused by the block radial magnetization. Liu [18] proposed
an internal LFMB to solve the problem of poor MFDU of an external LFMB and effectively
attenuated the edge effect of a magnetic circuit at the end of a magnetic pole. Fu [19]
proposed a spherical LFMB to achieve a larger angle tilt of a magnetically suspended rotor.
It also improved the MFDU of an LEMB working air gap at the same time.

All the above methods improved the MFDU of an LFMB working air gap by optimizing
the magnetic circuit structure of LEMB. However, the improvement level of MFDU is
limited due to processing, assembly, temperature, and so on. So, it is necessary to put
forward an appropriate MFDUE compensation method [20]. Xin [21] proposed an MFDUE
compensation method for LFMB based on the Hall sensor probe online measurement.
Based on an established model between the magnetic flux density and electromagnetic
torque, the magnetic flux density measured by the Hall sensor was brought into the model
to calculate the electromagnetic torque error to realize the magnetic flux density error
compensation. But the addition of the Hall sensor can increase difficulty in prototype
design. It is impossible to accurately estimate the magnetic flux density at the coil working
place because of the limited magnetic flux density detection points. Based on the above
analysis, this paper proposes an analysis and compensation of LEMB MFDUE with MSCSG
as the object. This method establishes a model between magnetic flux density and the
induced current, and then the magnetic flux density error compensation is realized by
combining the relationship between magnetic flux density and the rotor tilt angle.

The rest of this paper is as follows. The structure of MSCSG and the angular rate
sensitivity principle are introduced in Section 2. The relationship between the induced
current in the coil and the magnetic flux density of the LFMB working air gap is derived.
In Section 3, the induced current calculation model due to MFDUE is proposed based
on a simulation analysis of the LFMB 3D magnetic field. Then, a sensitivity model of
the spacecraft angular rate compensated by MFDUE is obtained. Section 4 verifies the
estimation accuracy of the induced current and the improving effect of MSCSG on spacecraft
angular rate measurement accuracy by magnetic flux density error compensation through
simulation and experiment. Finally, it draws the conclusion of this paper in Section 5.

2. LFMB Structure and Error Analysis
2.1. MSCSG Structure

A 3D diagram of the MSCSG structure is shown in Figure 1. It is mainly composed
of magnetic bearings, a motor, displacement sensors, a rotor, and gyro rooms. Among
them, the magnetic bearings can apply magnetic suspended force to the rotor to ensure
its 5-DOF stable control. The motor is used to drive the rotor to rotate at high speed. The
displacement sensors are used to detect the position and attitude information of the rotor.
The gyro rooms are used to fix the supporting stator components.

Next, the control principle of the MSCSG rotor is briefly introduced. Figure 2 shows
the 3D structure of the rotor. Under normal working conditions, the rotor rotates around
the z, axis at a high speed of (). When the attitude of MSCSG is changed, the axial direction
of the rotor remains unchanged due to the fixed axis of the gyroscope, and the displacement
sensor can detect that the position of the rotor changes relative to the stator. The rotor tilt
displacement signal is fed back to the controller through a signal conditioning circuit and
the controller issues instructions to change the current of the LFMB coils to control the rotor
to follow the stator movement.
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Figure 2. Schematic diagram of MSCSG rotor structure.

2.2. LEMB Structure and Sensitivity Principle

LFMB, a kind of magnetic bearing that controls rotor deflection around the 2-DOF
radial direction, is the core component of MSCSG to realize its main function. According to
the characteristic that the output torque is proportional to the control current, MSCSG can
detect spacecraft attitude with high precision. The structure of LFMB is shown in Figure 3,
where the material of the permanent magnet is samarium—cobalt alloy, and the material of
the coil skeleton is machinable ceramics. The relationship model between its output torque
M, and current can be expressed as

M 4NBLI,I
Mg = <M§;> = b x Kil = <—4NBLTmD;ﬁ> @

where Mgy and Mgy, represent torques applied by LFMB to the rotor in different directions,
respectively; ,;, Kj, N, B, and L represent the radius of the LEMB stator, current stiffness, the
number of the coil turns, the magnetic flux density of the working air gap, and the effective
length of the coil, respectively, where K; = 4NBL; and I, and Ig represent the control current
through the LFMB.
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Figure 3. Schematic diagram of LFMB structure.

MSCSG controls the active tilt of the rotor to change the direction of the angular
momentum to output control torque to the spacecraft. At the same time, the angular rate
information of the spacecraft with two degrees of freedom can be calculated by detecting the
control current in the LFMB coil and combining the angular motion relationship between
the spacecraft and MSCSG. The sensitivity formula of a single machine MSCSG can be
calculated as [22]

5 = ~2VINBLI(lo—Ip)+ 2 ({4 )~ J-0(i—B)
 OANBLI (T 1)~ Y2, (— )+ 1.0+ B))
9 — m\la B 2 7 z

-0

where 6 and 6 represent the carrier angular rate information, respectively. |, and |, represent
the radial and axial moment of inertia of the magnetic suspension rotor, respectively; ()

represents the speed of rotor; & and ,B represent the rotor 2-DOF deflection angular rate

calculated from the detection information of the displacement sensor; a and ,B represent the
corresponding angular acceleration of the rotor.

2.3. LFMB Magnetic Flux Density Error Analysis

As shown in Figure 3, the four coils of LEMB are installed on the LFMB stator skeleton.
The upper, lower, inner, and outer four groups of annular magnetic steel are installed on the
rotor. Each group of magnetic steel is made of small pieces of magnetic steel. The magnetic
flux density near the LFMB coil can change with the change in coil position due to the
splicing of the magnetic steel and the edge effect of the magnetic circuit. The variation
degree in magnetic flux density is a quantifiable error, which is defined as MFDU as follows

®)

o~]

where ¢ represents the uniformity of magnetic flux density; B; and B represent the magnetic
flux density of the i-th point at the coil and its mean value, respectively. ¢ = 1 when the
magnetic flux density is completely uniform. The closer ¢ is to zero, the worse MFDU is.
MEFDU at the LEMB coil can be divided into the circumferential and axial magnetic
flux density uniformity of the rotor. The rotor is running at high speed and stationary due
to being installed on the stator. The magnetic steel rotates with the rotor at high speed;
that is, the LFMB coil only has rotation relative motion around the rotor axis. At this time,
the magnetic flux density at the coil changes with time due to the uneven circumferential
magnetic flux density of the LFMB working air gap, so the magnetic flux passing through
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the coil changes at all times. According to Faraday’s law of electromagnetic induction, the
coil can generate an induced electromotive force when the magnetic flux through the closed
coil changes. The electromotive force due to the uniformity of circumferential magnetic
flux density can be obtained as

ec = N— = N—— = NBS 4)

where e, represents the electromotive force generated in the LFMB coil due to the change
in magnetic flux; AP represents the change in magnetic flux passing through the LFMB
coil over a period of time; At represents the elapsed time. AB represents the magnetic

flux density variance at the coil; B represents the change rate of the LFMB coil at the
current time; S represents the area perpendicular to the direction of the closed coil and the
magnetic field.

As shown in Figure 4, the coil can be regarded as the upper and lower wires cutting
magnetic lines of motion. When the rotor is deflected, the two wires move in the same
direction with the magnetic field. Since the electromotive force generated on the two wires
is in opposite directions, the addition of the electromotive force generated by the two wires
is the electromotive force generated in the coil due to the uniformity of axial magnetic flux
density. We can obtain

ea = NLv(By — By) )

where B; and B, represent the magnetic flux density near the upper and lower wires,
respectively. v represents the moving speed of the coil relative to the stator. Thus, the
induced current generated by the circumferential and axial MFDU in the LFMB coil is

expressed as

L N/
P= i 4ic = e“ge“ = = (BS+1v(B, — By)) ©)

where i; and i, represent the induced current generated by the circumferential and axial
MEFDU of LEMB, respectively; i represents the total induced current generated.
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Figure 4. Schematic diagram of induced current direction generated by axial MFDU.

3. LFMB Magnetic Flux Density Simulation Analysis and Error Compensation
3.1. Simulation Analysis of LFMB Magnetic Field

Since it is difficult to achieve radial magnetization of the whole-ring magnetic steel
with the current process, LEFMB magnetic steel adopts splicing mode. Each small piece
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of magnetic steel is magnetized along the radial direction and then spliced to make the
spliced magnetic steel form a closed-ring magnetic circuit. In this way, the circumferential
uniformity of the LFMB working air gap magnetic flux density can be reduced. As shown
in Figure 5, the magnetic flux density is greatly weakened at the magnetic steel splicing,
which reduces the uniformity of circumferential magnetic flux density. Due to the low
circumferential MFDU of the LEFMB working air gap, the magnetic flux passing through
the LEMB coil can change at any time when the rotor rotates at a high speed, resulting in
an induced current. It seriously affects the sensitivity accuracy of MSCSG.

2 250 -50 M

Figure 5. Magnetic field 3D distribution of LFMB working air gap circumferential.

Figure 6 shows the 2D and 3D distribution of LFMB magnetic field intensity. It can
be seen from Figure 6a that the magnetic flux density line at the LFMB coil changes when
the rotor deflects. The overall distribution trend of the radial component of the magnetic
field intensity at the LFMB working air gap is shown in Figure 6b. The magnetic flux
density along the axial direction of the magnetic steel is larger and more uniform, and the
farther the axial distance from the magnetic steel, the smaller the magnetic flux density.
To more intuitively display the magnetic field intensity distribution of the LFMB working
air gap, the Al path (LFMB working air gap radial equilibrium position) in Figure 6b is
taken as the magnetic flux density analysis path, and the 2D magnetic flux density analysis
diagram in Figure 7a is obtained. The abscissa position to the dotted line position is the
axial equilibrium position of the LFMB working air gap. With the rotor axis as the center,
circles perpendicular to the rotor axis are drawn at different heights in the Al path in
Figure 6b as magnetic flux density analysis paths. Finally, the 3D magnetic flux distribution
diagram of the radial equilibrium position of the LFMB working air gap is obtained, as
shown in Figure 7a.
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Figure 6. Magnetic field 2D distribution of LFMB working air gap circumferential: (a) the magnetic
flux density line; (b) the radial component of the magnetic field intensity.

Figure 7a shows the axial distribution of magnetic flux density at the LFMB working
air gap intuitively. The magnetic flux density is the largest at the axial equilibrium position,
and it decreases slightly away from the equilibrium position, approximately presenting a
sinusoidal distribution. Figure 7b shows that the magnetic flux density of the upper and
lower parts of the LEMB working air gap is symmetrically distributed with opposite signs.
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Figure 7. Magnetic flux distribution diagram at radial equilibrium position of LFMB working air gap:
(a) path A1 2D magnetic flux density; (b) 3D magnetic flux distribution at radial equilibrium position
of LFMB working air gap.

3.2. LFMB Magnetic Flux Density Error Compensation

The uneven magnetic flux distribution of the LEMB working air gap leads to the
constant change in magnetic flux passing through the coil, and then the induced current
generated by Equation (8) affects the sensitivity accuracy of MSCSG. The LFMB ring
magnetic steel is composed of 12 pieces of small magnetic steel splicing, and the change
rule of magnetic flux density at the splicing is similar, so the LEMB coil can produce 12 times
the induced current in every revolution of the rotor. The rotor speed is 5000 r/min under
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the normal working condition of MSCSG, so the frequency of the induced current can reach
5000 r/min <+ 60 s/min x 12 r~! = 1000 Hz. The bandwidths of output torque and the
sensitivity of MSCSG are 330 Hz and 140 Hz, respectively, both much lower than 1000 Hz.
Therefore, this paper intends to eliminate the disturbance caused by circumferential MFDU
to the LEMB coil current by a low-pass filter.

The axial magnetic flux distribution of the LEFMB working air gap is relatively regular.
By fitting the curve in Figure 7a, the curve formula fitted in Figure 8 can be obtained
as follows

Ba(z4) = 0.5425in(201.62, — 2.605) — 0.0242 sin(587.5z, — 4.495) )

where z, represents the axial displacement of the coil relative to the stator; B,(z,) represents
the magnetic flux density of the coil at z;. According to the LEMB structure, the axial
coordinate of the upper part of the coil is 20.5 mm, and the axial coordinate of the lower part
of the coil is 5.5 mm. When the rotor is in the balance position, the magnetic flux densities
of the upper and lower parts of the coil are B;(20.5) = 0.5183 T and B,(5.5) = —0.5173 T,
respectively.

06 T T T T T

0.4

0.2

-0.4
% % % % simulated data
fitting data
_0.6 1 1 1
0 0.005 0.01 0.015 0.02 0.025

z/mm

Figure 8. Fitting results of axial magnetic flux distribution of LFMB working air gap.

z, and z, can be obtained from the signal &, of rotor axial displacement sensor as

l . Ly -
a= ﬂhr:czza = ﬂhrx )
ls ls

where I, and [; are the installation radii of the LFMB coil and axial displacement sensor,
respectively. When the axial displacement sensor detects that the tilt displacement of
the rotor is /151 and the tilt line speed is 1,1, the induced electromotive force and current
generated by the upper and lower wires of LEFMB can be obtained from (4). It can be judged
that the electromotive force generated by the two wires is in the same direction according
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to the right-hand rule. Finally, by combining (4), (7), and (8), it can be obtained that the
induced current i; generated by the axial MFDU is

Imha \ Lnha L
)
ls ls

i = be _ N B,(0.0205 + lmh”‘) — B,(0.0055 +
R R I

©)

Finally, the sensitivity model of MSCSG on the angular rate of spacecraft after magnetic
flux density compensation can be written as

—2VINBLy (I —ia) — (Ig—ip) ) + 2 (Jr ()~ J:Q(i—B))

0= -0 ) ‘ (10)
§ — 2VANBL (h—ia)+(Ig—ig)) = 3 (r(@=F) +]:0(+))
= L0

where i, and i p represent the induced currents generated in the y,-axis and x,-axis coils due
to the MFDUE of LEMB, respectively.

Thus, the magnetic density uniformity error compensation of LEMB is realized, and
the overall compensation process is shown in Figure 9.

The 3D magnetic flux distribution of Faraday's law of electromagnetic induction

LFMB is established using ANSYS and LFMB magnetic field structure model

The model between rotor angular The model between magnetic density and
position and magnetic density induced current

l

The model between rotor angular motion
and induced current

The induced current is brought into the
attitude sensitivity formula to compensate
of magnetic density uniformity error

Figure 9. Analysis and compensation process chart of MFDUE of LFMB.

4. Simulation and Experimental Results
4.1. Simulation Verification of Compensation Method

The MSCSG prototype is modeled by Simulink to verify the accuracy of the induced
current model and the compensation effect for the measurement accuracy of the gyro

angular rate. Some simulation parameters are listed in Table 1. The core part of the MSCSG
prototype simulation model is shown in Figure 10.

Table 1. MSCSG system simulation parameters.

Symbol Quantity Value
Ir Transverse moments of inertia 0.0097 1<g~m2
Iz Polar moments of inertia 0.0167 kg~rn2
L Circumferential length of the coil 80 mm
N Coil turns 200
Q Rotor speed 5000 r/min
- Radius of LFMB stator 59 mm

I Radius of LEMB coil 48.5 mm
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Figure 10. The core part of the MSCSG prototype simulation model.

Firstly, the accuracy of the induced current calculation model proposed in this paper
is verified. The simulation model of the LFMB coil induced current is established by the
ANSYS Electronics Desktop simulation program, and the calculation results of the model
are taken as the reference. The rated speed of the MSCSG rotor is 5000 r/min (about
83.3 Hz), and the maximum rotor tilt angle is 0.3° (about 5.24 x 1072 rad). Therefore,
the rotor tilt angle amplitude is set as 5.24 x 1073 rad, and the frequency of the rotor
speed is set as 83.3 Hz. The induced current obtained after running the program is used as
the reference induced current. Its simulation results and spectrum analysis are shown in
Figure 11.

10 7
6% (44Hz 6.1A)
5 :E 5
- T4
: g
=5 2
| )
(900.4Hz, 0.0A) I
-10 \ ‘ 0 L T .
0 0.05 0.1 0 500 1000
t(s) frequency(Hz)

Figure 11. Schematic diagram of reference induced current and its spectrum.

It can be seen from the above analysis that the high-frequency component is mainly
generated by the circumferential MFDUE of the LEMB working air gap. This part of the
signal can be easily removed by the low-pass filter in the MSCSG control circuit for the
MSCSG prototype. The amplitude of the simulated high-frequency component is one order
of magnitude lower than that of the main frequency, as shown in Figure 11. The reference
induced current is processed by sliding smoothing to achieve the effect of low-pass filtering
and ensure that the result of the simulation is close to reality. Then, the rotor tilt angle
and speed frequency in the simulation conditions are substituted into (11) to obtain the
induced current calculated by the method proposed in this paper. In Figure 12, it shows
the comparison between the processed reference induced current and that calculated by
the method proposed in this paper. The amplitude of the reference induced current and the
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current obtained by the proposed method are 0.246 A and 0.235 A, respectively. That is, the
estimation accuracy of the induced current by the proposed method can reach 96%. The
accuracy of the induced current calculation method for the MFDUE is verified.

0.4 : . . |
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Figure 12. Comparison curves of the reference current and the induced current calculated by the
proposed method.

Then, the calculation results of MSCSG regarding the spacecraft angular rate before
and after magnetic flux density compensation are compared to verify the effectiveness of
the compensation method in improving measurement accuracy. In the simulation model,
the amplitude of the rotor tilt is set as 5 x 10~ rad, the frequency of rotor speed is 83.3 Hz,
and the angular rate of the spacecraft is set as earth speed (about 7.27 x 107> rad/s).
The simulation results obtained are shown in Figure 13, in which two lines represent
the calculated results of the MSCSG angle rate before and after magnetic flux density
compensation, respectively. After calculation, the standard deviation of MSCSG to the
spacecraft angular rate calculated before compensation is 1.058 x 1073 rad/s, and the
standard deviation of the angular rate calculated after magnetic flux density compensation
is 8.856 x 10~* rad/s. Therefore, the accuracy of MSCSG in measuring the spacecraft
angular rate can be improved by about 16.3% after magnetic flux density compensation. It
can be concluded that the MFDUE compensation method of LFMB proposed in this paper
can improve the accuracy of MSCSGs in measuring spacecraft angular rates.
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Figure 13. Comparison curves of gyro angular rate simulation results before and after magnetic flux
density compensation.
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4.2. Experimental Verification of Compensation Method

Next, the feasibility of the proposed method can be verified with the MSCSG prototype
developed by the research group. Some parameters of the MSCSG prototype are shown
in Table 1. The experimental devices mainly include the MSCSG prototype, circuit board,
upper computer, power, and oscilloscope, as shown in Figure 14.

Figure 14. MSCSG experimental device.

Then, the feasibility of the compensation method proposed in this paper to improve
the accuracy of MSCSG in measuring the spacecraft angular rate is verified by comparing
the measurement results of MSCSG of the spacecraft angular rate before and after magnetic
flux density compensation. Figure 15 shows the information on the rotor tilt angle collected
when the MSCSG rotor runs at 5000 r/min.

3
5 el , : : :

1_ .

=

W
T

I

tilt angle(rad)
S

1
S
W

1
—_
T

!

0 0.1 0.2 0.3 0.4 0.5
t(s)

Figure 15. MSCSG rotor tilt angle at 5000 r/min.

1
[y
W

According to this information, the rotor tilt angle and tilt angular rate can be obtained,
which can be substituted into (11) to obtain the induced current caused by the axial
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magnetic uniformity error. Figure 16a shows a comparison between the calculated induced
current and the current collected in the experiment. The induced current calculated is the
disturbance current caused by the magnetic flux density error of the LFMB coil working
air gap. The current compensated by magnetic flux density can be obtained by calculating
the difference between the experimental collected current and the induced current. The
compensated current is shown in Figure 16b.

0.02 . . .
0.01

<
IS
£
:

-0.01 1

-0.02 1

| , 0.1 0.15 0.2
0 0.1 0.2 0.3 0.4 0.5
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(a)

0.02 T T | T

0.01 L u
: ikl didin
:
= 0.01
=)
(&)

-0.01 0 1

-0.01
-0.02 .
0.1 0.15 0.2
0 0.1 0.2 0.3 0.4 0.5

t(s)
(b)

Figure 16. Comparison curves of the collected current and the induced current: (a) the collected
current and calculated induced current; (b) magnetic flux density compensated current.

The angular rate of MSCSG is calculated for the experimentally collected current
and compensated current, respectively. The comparison results are obtained, as shown in
Figure 17.  After calculation, the standard deviation of the MSCSG angle rate is
1.28 x 1073 rad/s by the current before magnetic flux density compensation, and it is
1.12 x 103 rad/s by the current after compensation. Therefore, after magnetic flux density
compensation, the measurement accuracy of MSCSG of the spacecraft angular rate can be
improved by about 12.5%.
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Figure 17. Experimental comparison curves of angular rate measurement before and after magnetic
flux density compensation.

5. Conclusions

LFMB controls the tilt 2-DOF of the MSCSG rotor. The induced current can be gener-
ated in the coil due to MFDUE at the LFMB working air gap, thus reducing the measurement
accuracy of MSCSG of the spacecraft angular rate. In this paper, the relationship between
the induced current and rotor tilt angle motion is accurately deduced by establishing an
LFMB magnetic flux density error model. Through simulation verification, the accuracy of
the relationship can reach 96%.

Through simulation and experiment, the measurement accuracy of MSCSG of the
spacecraft angular rate can be improved by 12.5% after magnetic flux density compensation.
It can be said that magnetic flux density compensation can effectively reduce the influence
of rotor tilt disturbance and active tilt on the measurement accuracy of MSCSG of the
spacecraft angular rate. Therefore, the method proposed in this paper can effectively
improve the contradiction between the precision of MSCSG output torque and the angular
rate measurement.

Author Contributions: C.Y.: writing—review and editing, software, data curation; Y.C.: project
administration; W.W.: methodology, validation, resources; W.H. (Wenjing Han): writing—original
draft preparation, funding acquisition, formal analysis; Z.Y.: paper typesetting; W.H. (Wenting Han):
writing—conclusion. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 52075545, and in part by the Beijing Youth Top-Notch Talent Support Program, grant number
2017000026833ZK23.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Li,J;Liu, G.; Zheng, S.; Cui, P.; Chen, Q. Micro-Jitter Control of Magnetically Suspended Control Moment Gyro Using Adaptive
LMS Algorithm. IEEE-ASME Trans. Mech. 2022, 27, 327-335. [CrossRef]

Cui, P; Du, L.; Zhou, X; Li, J.; Li, Y.; Wu, Y. Synchronous vibration moment suppression for AMBs rotor system in control

moment gyros considering rotor dynamic unbalance. IEEE-ASME Trans. Mechatron. 2022, 27, 3210-3218. [CrossRef]


https://doi.org/10.1109/TMECH.2021.3063722
https://doi.org/10.1109/TMECH.2021.3112265

Sensors 2024, 24, 2683 16 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yang, H.; Gao, S; Liu, S.; Zhang, L.; Luo, S. Research on Identification and Suppression of Vibration Error for MEMS Inertial
Sensor in Near-Bit Inclinometer. IEEE Sens. J. 2022, 22, 19645-19655. [CrossRef]

Zheng, S.; Wang, C. Rotor balancing for magnetically levitated TMPs integrated with vibration self-sensing of magnetic bearings.
IEEE/ASME Trans. Mechatron. 2021, 26, 3031-3039. [CrossRef]

Xu, S.; Sun, J.; Ren, H. An active magnetic bearing with controllable permanent-magnet bias field. IEEE-ASME Trans. Mech. 2022,
27,3474-3481. [CrossRef]

Chai, S.; Wang, S.; Liu, C.; Liu, T.; Liu, X.; Xing, K. Using Semantic Segmentation Network to Measure Vibration Displacement of
Rotating Body. IEEE Sens. |. 2023, 23, 7977-7991. [CrossRef]

Fang, J.; Zheng, S.; Han, B. Attitude Sensing and Dynamic Decoupling Based on Active Magnetic Bearing of MSDGCMG. IEEE
Trans. Instrum. Meas. 2020, 67, 4066—4076. [CrossRef]

Yunus, M.A.M.; Khairi, M.T.M.; Ibrahim, S. Narrow Band Vibration Measurement System with Electrodynamic Transducer
Seismograph and Modeling Verification. IEEE Sens. J. 2020, 20, 4768—-4777. [CrossRef]

Wang, H.; Wu, Z,; Liu, K.; Wei, J.; Hu, H. Modeling and control strategies of a novel axial hybrid magnetic bearing for flywheel
energy storage system. IEEE/ASME Trans. Mechatron. 2022, 27, 3819-3829. [CrossRef]

Zhang, H.; Kou, B.; Ge, Q.; Liu, Y. Design and Analysis of a High Thrust Linear Voice Coil Motor Using for the Stiffness Test of
Linear Motor Servo System. IEEE Trans. Magn. 2022, 58, 8200505. [CrossRef]

Chang, Y.-H.; Liu, C.-S.; Chen, I.-W,; Tsai, M.-S.; Tseng, H.-C. Open-Loop Control of Voice Coil Motor with Magnetic Restoring
Force Using High-Low Frequency Composite Signals. IEEE Access 2019, 7, 146258-146263. [CrossRef]

Chen, E; Wang, W.; Wang, S. Rotating Lorentz Force Magnetic Bearings” Dynamics Modeling and Adaptive Controller Design.
Sensors 2023, 23, 8543. [CrossRef] [PubMed]

Geng, M,; Ren, Y.; Fan, Y.; Wang, L.; Wu, C. Random error test and error source analysis of MSCSG. J. Beijing Univ. Aeronaut.
Astronaut. 2021, 47, 1697-1704.

Li, Z.; Wang, W.; Wang, L.; Ren, Y.; Fan, Y.; Li, L. Dynamics and Decoupling Control Method of Double Radial Lorentz Force
Magnetic Bearings. J. Beihang Univ. 2024, 1-15. [CrossRef]

Yu, Y;; Yang, Z.; Han, C. Active vibration control of magnetically suspended wheel using active shaft deflection. IEEE Trans. Ind.
Electron. 2017, 64, 6528-6537. [CrossRef]

Yu, Y,; Yang, Z.; Han, C. Fuzzy adaptive back-stepping sliding mode controller for high-precision deflection control of the
magnetically suspended momentum wheel. IEEE Trans. Ind. Electron. 2018, 65, 3530-3538. [CrossRef]

Xu, G,; Cai, Y,; Ren, Y,; Fan, Y,; Sun, J.; Zhao, H. Design and analysis on uniformity of magnetic flux density in Lorentz force-type
magnetic bearing. J. Beijing Univ. Aeronaut. Astronaut. 2017, 43, 559-566.

Liu, Q.; Zhao, Y.; Dai, E; Ren, Y.; Wang, W. Novel internal Lorentz magnetic bearing for magnetic bearing gyrowheel. Opt. Precis.
Eng. 2018, 26, 399-409.

Fu, B.; Wang, W.; Wang, Y.; Fan, Y.; Nie, C.; Jia, H. Design and analysis of high precision for spherical Lorentz force magnetic
bearing. J. Beijing Univ. Aeronaut. Astronaut. 2022, 48, 2222-2229.

Zhao, Y.; Liu, Q.; Ma, L.; Wang, K. Novel Lorentz force-type magnetic bearing with flux congregating rings for magnetically
suspended gyrowheel. IEEE Trans. Magn. 2019, 55, 8002208. [CrossRef]

Xin, C.; Cai, Y.; Ren, Y.; Fan, Y.; Su, Y. Real-time compensation of errors caused by the flux density non-uniformity for a
magnetically suspended sensitive gyroscope. J. Magn. 2017, 22, 315-325.

Yu, C.; Cai, YW,; Ren, Y,; Fan, Y.; Wang, W.; Nie, C. Angular Rate Sensitive Method of Magnetically Suspended Control & Sensing
Gyroscope Based on Deflection Current and Angle. IEEE Sens. |. 2021, 21, 12068-12076.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/JSEN.2022.3202497
https://doi.org/10.1109/TMECH.2021.3051372
https://doi.org/10.1109/TMECH.2022.3142517
https://doi.org/10.1109/JSEN.2023.3245141
https://doi.org/10.1109/TIM.2011.2164289
https://doi.org/10.1109/JSEN.2020.2966771
https://doi.org/10.1109/TMECH.2022.3145705
https://doi.org/10.1109/TMAG.2021.3079696
https://doi.org/10.1109/ACCESS.2019.2945882
https://doi.org/10.3390/s23208543
https://www.ncbi.nlm.nih.gov/pubmed/37896637
https://doi.org/10.20079/j.issn.1001-893x.220624002
https://doi.org/10.1109/TIE.2017.2682786
https://doi.org/10.1109/TIE.2017.2750617
https://doi.org/10.1109/TMAG.2019.2937276

	Introduction 
	LFMB Structure and Error Analysis 
	MSCSG Structure 
	LFMB Structure and Sensitivity Principle 
	LFMB Magnetic Flux Density Error Analysis 

	LFMB Magnetic Flux Density Simulation Analysis and Error Compensation 
	Simulation Analysis of LFMB Magnetic Field 
	LFMB Magnetic Flux Density Error Compensation 

	Simulation and Experimental Results 
	Simulation Verification of Compensation Method 
	Experimental Verification of Compensation Method 

	Conclusions 
	References

