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Synchronous Vibration Control of MSCSG Based on
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Abstract—Due to rotor mass imbalance, magnetic suspension
control sensitive gyroscope (MSCSG) has synchronous vibration.
In order to reduce the influence of the above unbalance vibration
on the performance of MSCSG and the measurement accuracy
of angular velocity, a method to suppress the imbalance vibra-
tion based on the high-precision closed-loop synchronous rotating
frame transformation method is proposed. First, the unbalance
vibration torque dynamics model of MSCSG with mass unbalance
was established, and the influence of unbalance vibration on the
measurement accuracy of attitude angular velocity was analyzed.
Then, a high-precision closed loop synchronous rotating frame
transformation (HCSRF) controller is designed. A high-precision
closed loop detection method including PI controller and low pass
filter is used to improve the detection accuracy of synchronous
signal. A HCSRF controller is used to suppress synchronous dis-
turbance current of two channels simultaneously. Finally, aiming
at the dual-input and output and strong coupling characteristics
of tilt channel, the equivalent conversion method is used to analyze
the stability of system. Simulation and experimental results show
that the proposed method can effectively suppress synchronous dis-
turbance current and vibration torque, and reduce the influence of
mass unbalance on the MSCSG performance and angular velocity
measurement accuracy.

Index Terms—Magnetic bearing, magnetically suspended
control and sensitive gyroscope (MSCSG), synchronous rotating
frame transformation, unbalance vibration.

I. INTRODUCTION

W ITH the development of space missions, magnetic bear-
ings with advantages of high speed, active control, no

friction and long life have been widely used in inertial actuators
of spacecraft, such as magnetically suspended flywheels and
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magnetically suspended control moment gyro. By magnetically
suspended technology, the rotor is suspended without contact
[1], [2], [3], [4].

Although magnetically suspended inertial actuators has the
above advantages, when the rotor rotates at high speed, the
uneven mass distribution of the material and installation er-
rors will lead to the existence of rotor mass imbalance. The
mass unbalance of rotor is divided into static unbalance and
dynamic unbalance [5], [6], [7], which will produce synchronous
vibration force and synchronous vibration torque [8], [9].The
above vibration force and torque are transferred to the spacecraft
platform, which will seriously affect the pointing accuracy and
ultra agile maneuvering performance of the spacecraft. There-
fore, it is necessary to suppress the unbalanced vibration in the
magnetically suspended rotor.

Physical vibration isolation devices are used to suppress vi-
bration of spacecraft. Although it is possible to convert small
high-frequency vibration to large low-frequency vibration, in
essence, the vibration is not eliminated, but only blocking the
transmission of it. In addition, the isolation will bring additional
hardware burden to the spacecraft attitude control system and
each vibration isolation can not completely suppress the vibra-
tion of all frequency bands. In order to solve above problems,
the active vibration control technology is used to suppress mi-
crovibration by taking advantage of the active control of the
rotor. Active vibration control technology only needs software
loading, and the algorithm is more universal, only considering
the magnetically suspended rotor control system itself, which
can take into account the suppression effect of all frequency
bands.

Notch filter is one of the active vibration control methods. The
conventional notch filter has the advantages of simple structure
and easy implementation, but it will affect the stability of the
magnetically suspended rotor system. In order to ensure the
stability of the rotor in full speed range, it is improved by
introducing the phase shift angle, changing the connection mode,
adding switching point, and so on. In [10], a parallel mode
phase-shift notch filter is proposed, and compared with the series
mode, it can suppress synchronous vibration better. In [11], a
two-stage notch filter is proposed to suppress synchronous vi-
bration of magnetically suspended rotor system with significant
gyroscopic effect. The solution of the two-stage switching point
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is derived to distinguish low speed and high speed to ensure
the stability of the system in the full speed range. Peng et al.
[12], aiming at the problem of significant gyroscopic effect and
severe coupling dynamics in magnetically suspended flywheel,
proposed a novel cross-feedback notch filter and analyze the
stability of the coupled MIMO system based on complex-
coefficient stability criterion. In [13], an adaptive notch filter
is proposed, which can adjust the notch depth and center fre-
quency. However, the above improved notch filter still have some
problems, such as affecting the stability of the magnetically
suspended rotor system and causing greater vibration when the
polarity switch or two-stage switch is switched.

In addition to synchronous vibration suppression methods
based on notch filter, there are also methods of least-mean-
squares (LMS) algorithm, repetitive control, resonant controller
[14], [15], [16], adaptive multifrequency estimation (AMFE)
algorithm. LMS algorithm is a discrete adaptive notch filter in
essence [17], [18]. It has simple principle and strong robustness,
but it requires a lot of computation and convergence rate is slow.
Cui et al. [19] proposed a method based on frequency-domain
adaptive LMS. By improving the updating strategy of the step
size and convergence rate of the conventional LMS algorithm,
the harmonic vibration force of magnetically suspended rotor
system is effectively suppressed. Repetitive control can suppress
periodic disturbance signals with known period, unknown am-
plitude and multifrequency components, but when the frequency
changes, there are problems such as slow response speed and
poor robustness [20], [21], [22]. Cui et al. [23] proposed an odd-
harmonic fractional repetitive controller, which can effectively
suppress odd-disturbance current with pertinence at low rotation
speed with less computational burden and faster convergence
rate. The above methods for synchronous vibration suppression
all require the speed of the rotational rotor. When the Hall speed
sensor has a large measurement error or fails, it is necessary to
estimate the actual speed signal of the rotor. AMFE algorithm
can not only suppress synchronous vibration, but also estimate
the actual speed of rotor with reasonable algorithm design [24],
[25], [26], [27]. However, its principle is complicated and the
influence of controller on the stability of the two channels should
be considered at the same time.

In addition to the above methods to suppress synchronous
and harmonic vibration in magnetically suspended rotor sys-
tem, the synchronous rotating frame (SRF) transformation is
often used in this filed because of its simple structure, easy
implementation, few adjustable parameters, and less compu-
tational burden. Zheng et al. [28] first restrained synchronous
vibration of active magnetic bearing system by SRF method.
Considering the serious gyroscope effect in magnetically sus-
pended flywheel system, an improved SRF method is proposed
in [29], which can effectively suppress synchronous vibration
torque and ensure the stability of the system through phase
compensation. Peng and Zhou [30] proposed a direct vibration
force suppression based on an improved SRF method, which
takes the synchronous vibration force as the input signal of
SRF controller instead of the displacement signal to suppress
synchronous vibration force directly. In [31], a high-precision
synchronous signal detection method based on SRF is proposed

aiming at the low accuracy of open-loop detection method
caused by the phase lag of the low-pass filter (LPF) in the
traditional SRF method, which improves the suppression affect.
Cui et al. [32] proposed a multisynchronous rotating frame
transformation method, which suppress vibration force by one
controller simultaneously, saving computing resources and hav-
ing faster response speed. However, due to the introduction
of a LPF and the open-loop detection method, the conven-
tional SRF method has serious phase lag and low suppression
accuracy.

Magnetically suspended control and sensitive gyroscope
(MSCSG) is a new type of spacecraft inertial device. It realizes
attitude control and angular velocity measurement by high-speed
rotating magnetically suspended rotor [33], [34], [35]. In order to
realize the above functions, according to the control principle of
MSCSG, the corresponding control system is designed, which
mainly includes magnetic bearing, PID controller, power am-
plifier, and displacement sensor. There are two power amplifier
boards in the control system and we choose the switch power
amplifier, which is divided into two parts: 1) translational drive
and 2) deflection drive.

According to the above simulation control model, the MSCSG
hardware experiment system was established. The experimental
system mainly includes MSCSG principle prototype, control
circuit, oscilloscope, power supply, debugging computer, and
so on. The power supply is used to supply power to other circuit
board. The external power supply will provide 42 V stable
voltage into the power supply board. And it will supply different
voltage for other boards after the filter and dc–dc module.
The control circuit is the core part of the MSCSG hardware
system, which completes acquisition and conditioning of analog
signal, processing signal, and power amplifier control output,
respectively [36]. However, due to the rotor mass unbalance,
the synchronous vibration torque will be generated when the
rotor rotates at high speed, resulting in the disturbance current
with the same frequency as the rotor speed in the rotor tilt
control, which directly affects the accuracy of torque output and
angular velocity measurement. Therefore, effective suppression
of disturbance current caused by rotor unbalance vibration is
the key to improve the attitude angular velocity measurement
accuracy of MSCSG.

In order to reduce the influence of disturbance current on
the attitude angular velocity measurement accuracy of MSCSG,
after comparing the pros and cons of the above active vibra-
tion control methods in Table I, a novel synchronous vibration
suppression method based on high-precision closed-loop syn-
chronous rotating frame transformation (HCSRF) is proposed.
The method has the following advantages.

1) It suppresses synchronous disturbance current of two tilt
channels simultaneously by only one HCSRF controller,
resulting in its simple structure, easy implementation, and
low computational complexity.

2) In order to solve the problems of low suppression accu-
racy in open-loop detection link and serious phase lag in
high frequency band of traditional SRF method, the PI
controller and LPF are connected in parallel to form a
closed-loop synchronous signal detection method, which
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TABLE I
PROS AND CONS OF THE ACTIVE VIBRATION CONTROL METHODS

has higher detection accuracy and better suppression effect
for synchronous vibration signal.

3) By adjusting the phase compensation factor, the stability
of the system in the full speed range is guaranteed. In order
to analyze the stability of tilt system, we take the MIMO
cross-coupled system as SISO system equivalently in use
of the orthogonality of MSCSG double-channel tilt angle.

Finally, the synchronous disturbance current and vibration
torque caused by the rotor mass imbalance are suppressed, so
its influence on the performance of MSCSG is reduced.

The rest of this article is organized as follows. In Section II,
we introduce the unbalance vibration torque dynamics model
of MSCSG with mass unbalance, and its influence on the mea-
surement accuracy of attitude angular velocity. In Section III,
we propose a synchronous vibration suppression method based
on HCSRF and analyze its suppression effect on synchronous
disturbance current and the influence on measurement accuracy
of attitude angular velocity, and the stability of system is an-
alyzed. The correctness of the proposed method is verified by
simulation and experiments in Section IV. Finally, Section V
concludes this article.

II. ANALYSIS OF THE INFLUENCE OF MASS IMBALANCE ON

THE PERFORMANCE OF MSCSG

A. Structure of MSCSG

MSCSG is mainly composed of gyro room, radial magnetic
bearing, axial magnetic bearing, Lorentz force magnetic bearing
(LFMB), rotor system, drive motor, displacement sensor, and
so on. As shown in Fig. 1, the radial magnetic bearing controls
the radial two-degree-of-freedom (2-DOF) suspension and axial
magnetic bearing controls the axial suspension with one DOF.
LFMB mainly controls the 2-DOF tilt of the rotor and the
high-speed rotation is controlled by a drive motor. According
to Ampere’s law, there is a linear relationship between the force
generated by the LFMB and the coil current, which can measure
the 2-DOF tilt of the rotor.

As shown in Fig. 2, LFMB is composed of stator system and
rotor system. The stator consists of a stator skeleton and coils.
The rotor mainly consists of inner permanent magnets and outer
permanent magnets. In order to close the magnetic circuit, the

Fig. 1. MSCSG section diagram.

Fig. 2. Structure diagram of LFMB.

inner permanent magnets and the outer permanent magnets are
divided into upper and lower layers, which have same magnetiz-
ing direction in the same layer, while the magnetizing direction
of them in the upper and lower layers is opposite. Four coils are
used in series in pairs and wound around the stator skeleton.

B. Modeling of Unbalance Vibration Torque With
Mass Unbalance

According to the generation principle of MSCSG tilt torque
[37], [38], the electromagnetic torque generated by LFMB can
be expressed as {

Mα = 4NBIyLr
2ϕ

Mβ = 4NBIxLr
2ϕ

(1)

where Mα and Mβ are the 2-DOF control torques output by
LFMB, N represents the number of turns of the coil, Ix and Iy
represent the control current, B represents the magnetic field
strength of LFMB, Lr represents the radius of stator skeleton,
and ϕ represents the central angle corresponding to the coil.

And according to the technical equation of the gyro, the tilt
dynamic equation of MSCSG is{

Mx = Jxα̈+ JzΩβ̇

My = Jyβ̈ − JzΩα̇
(2)

where Jx, Jy, and Jz are the moments of inertia of the rotor
about each axis, α̇ and β̇ are the rotational angular velocities of
the rotor about the x-axis and y-axis, respectively, and Ω is the
rotor speed. Because the torque of rotor tilt is only controlled by
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Fig. 3. Rotor mass unbalance of MSCSG.

LFMB, so we can get {
Mx = Mα

My = Mβ .
(3)

From (1), (2), and (3), we can obtain: the model of rotor tilt
control model {

Jxα̈+ JzΩβ̇ = 4NBIyLr
2ϕ

Jyβ̈ − JzΩα̇ = 4NBIxLr
2ϕ

. (4)

The essence of the rotor dynamic unbalance is that the inertial
axis is inconsistent with the geometric axis, so there is an angle.
And the sensor detects the tilt angle, which is symmetry of the
geometric axis. But the tilt angle will fluctuate as the rotor speed
when the rotor rotates around the rotation axis. As shown in
Fig. 3, the tilt angle detected by sensor can be expressed{

αr = α+ εd cos(Ωt+ θd)
βr = β + εd sin(Ωt+ θd)

(5)

whereα andβ represent the rotor tilt angle in ideal conditions;αr

andβr represent the actual tilt angle affected by mass unbalance;
εd and θd represent, respectively, the eccentricity and initial
phase between the inertial axis and the geometric axis.

The fluctuation of tilt angle will generate the synchronous
disturbance current through the controller and power amplifier,
and generate synchronous vibration torque through the torque
coefficient. Where the synchronous disturbance current Ixs and
Iys can be expressed as{

Ixs = χx cos(Ωt+ θd)
Iys = χy sin(Ωt+ θd)

(6)

where χx and χy represent the coefficient of synchronous har-
monic current, which is related to the rotor speed and increases
when the speed increases.

Substituting (5) into (2),we can get{
Mx + (Jx − Jz)εdΩ

2 cos(Ωt+ θd) = Jxα̈+ JzΩβ̇

My + (Jy − Jz)εdΩ
2 sin(Ωt+ θd) = Jyβ̈ − JzΩα̇

. (7)

Let {
Mdα = (Jx − Jz)εdΩ

2 cos(Ωt+ θd)
Mdβ = (Jy − Jz)εdΩ

2 sin(Ωt+ θd)
. (8)

These are the synchronous vibration torques generated by the
rotor dynamic unbalance.

C. Influence of Rotor Mass Unbalance on Angular Velocity
Measurement Accuracy

In the inertial coordinate system, the attitude angular velocity
and angular acceleration of the spacecraft are, respectively,
ωs = [ωxωyωz], ω̇s = [ω̇xω̇yω̇z]. The tilt angular velocity and
angular acceleration of the magnetically suspended rotor are,
respectively, ωr = [α̇β̇Ω̇], ω̇r = [α̈β̈Ω̈].

It can be seen from (4) that the tilt dynamic equation of
MSCSG in the inertial coordinate system is{

Jx(α̈+ ω̇x) + JzΩ(β̇ + ωy) = 4NBIyLr
2ϕ

Jy(β̈ + ω̇y)− JzΩ(α̇+ ωx) = 4NBIxLr
2ϕ

. (9)

Assuming that the attitude angular acceleration of the space-
craft is very small, α̈ � ω̇x,β̈ � ω̇y , (9) can be simplified as

{
Jxα̈+ JzΩ(β̇ + ωy) = 4NBIyLr

2ϕ

Jyβ̈ − JzΩ(α̇+ ωx) = 4NBIxLr
2ϕ

. (10)

From (10), attitude angular velocity measurement principle
of MSCSG can be expressed{

ωx = −K
h ix − α̇+

Jy

h β̈

ωy = K
h iy − β̇ − Jx

h α̈
(11)

where K = 4NBIyLr
2ϕ is the torque coefficient of MSCSG

and h is the angular momentum of the rotor. From (11), it can
be seen that the attitude angular velocity of the spacecraft can
be measured when the control current of LFMB, tilt angular
velocity and acceleration of the magnetically suspended rotor
are known.

Considering the rotor mass imbalance, the drift error model
of MSCSG angular velocity measurement is established{

ωdx = D0(x) +D1ax +D2axaz + εx
ωdy = D0(y) +D1ay +D2ayaz + εy

(12)

where D0(x) is the constant interference torque coefficient
caused by dynamic unbalance, and D1 and D2 are the drift
error coefficients proportional to the acceleration and quadratic
acceleration, respectively. ax, ay, and az are the accelerations of
the X-axis, Y-axis, and Z-axis, respectively; εxand εyare random
drift errors.

From (6), (11), and (12), the constant interference torque
coefficient caused by mass dynamic unbalance is{
D0(x)=−K

h χx cos(Ωt+θd)+εdΩsin(Ωt+θd)·(1− Jy

h Ω)

D0(y)=
K
h χy sin(Ωt+θd)−εdΩcos(Ωt+θd) · (1− Jx

h Ω)
.

(13)
As can be seen from (13), the synchronous disturbance current

and fluctuation of rotor tilt angle caused by rotor mass dynamic
unbalance will affect the accuracy of attitude angular velocity
measurement of MSCSG.

Therefore, we need compensate the rotor mass unbalance
through active vibration control to eliminate synchronous dis-
placement signal detected in the displacement sensor. The
method of active vibration control is needed to carry out un-
balance compensation to eliminate synchronous displacement
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Fig. 4. Schematic diagram of SRF with open-loop method torque.

signal detected by the displacement sensor and suppress the fluc-
tuation of rotor tilt angle, and finally eliminate the synchronous
disturbance current and vibration.

III. DESIGN AND ANALYSIS OF HCSRF
TRANSFORMATION ALGORITHM

A. Principle and Structure of SRF

According to the principle of rotor mass unbalance, the center
of mass of the rotor does not coincide with the geometric center.
When the rotor is rotating at high speed, the frequency of
unbalance vibration is the same as the rotor speed. Therefore, the
output signal of the displacement sensor contains components
of the same frequency as the rotor speed. Assume that the
dual-channel orthogonal ac signals output by the displacement
sensor are Sx and Sy, and the dc signals through the synchronous
rotating frame are Rx and Ry.

Fig. 4 is the general structure of the open-loop SRF transfor-
mation. Define Sx-Om-Sy as the fixed sensor coordinate system,
Rx-Om-Ry as the synchronous rotating coordinate system, Om is
the center of mass of the rotor, and Oc is the rotor geometric cen-
ter. Let (sx,sy) and (rx,ry) denote the coordinate of Oc in the fixed
sensor coordinate system and the synchronous rotating frame.
When the rotor rotates at a constant speed Ω, the relationship of
SRF can be expressed as(

Rx

Ry

)
=

(
cos(Ωt+ θ) sin(Ωt+ θ)
− sin(Ωt+ θ) cos(Ωt+ θ)

)(
Sx

Sy

)
(14)

where θ is the phase compensation factor to ensure the stability
of the system in the full speed range.

After SRF, Rx and Ry contain both synchronous signals and
high-frequency noise. Therefore, a LPF is needed for filtering.
Here, we adopt a first-order LPF:

Gf (s) =
1

τs+ 1
(15)

where τ is the time constant of LPF. The filtered dc signal only
contains synchronous vibration signals and the high-frequency
noise is filtered out.

Finally, from (15), the dc signal after LPF will be ac signal
through the inverse SRF transformation(

Cx

Cy

)
=

(
cos(Ωt) − sin(Ωt)
sin(Ωt) cos(Ωt)

)(
R̂x

R̂y

)
(16)

Fig. 5. Schematic diagram of HCSRF method.

Fig. 6. Simplified block diagram of the HCSD method.

where R̂x and R̂y are dc signals after LPF, Cx and Cy are vibra-
tion signals of the same frequency as the rotational speed, which
can be reversed and compensated into the original system to
eliminate the synchronous vibration signals of the displacement
signal caused by the rotor mass unbalance.

B. Principle and Structure of HCSD Method

According to the principle of SRF, in order to improve the
suppression effect, it is necessary to accurately detect the syn-
chronous components of dc signal after SRF transformation.
The traditional SRF algorithm uses the open-loop detection
method. Although the first-order LPF has simple structure and
low computational complexity, the detection accuracy is lower
and there is phase lag in the high frequency band, which
seriously affects the compensation effect of synchronous dc
signal obtained after the inverse SRF transformation. In order to
solve above problems, HCSRF based on high-precision closed-
loop synchronous signal detection (HCSD) method is proposed,
which can suppress synchronous vibration signals precisely, as
shown in Fig. 5.

Fig. 5 is a schematic diagram of HCSRF based on HCSD
method. Some part of the dc signal converted by SRF transfor-
mation directly enters the output of HCSD system, and the other
part is negatively fed back from the output to the input through
connecting in series with PI controller and LPF, forming the
HCSD system. Fig. 6 is the simplified block diagram of HCSD
method of synchronous signal. Where G1 is the PI controller
and G2 is LPF, which can be expressed as

{
G1(s) = kp +

ki

s
G2(s) =

1
τs+1 .

(17)
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Therefore, the closed-loop transfer function of HCSD is

GHCSD(s) =
G1G2

1 +G1G2
=

kps+ ki
τs2 + (kp + 1) s+ ki

. (18)

Equations (14) and (16) can be represented by using the
exponential expression as{

R(t) = S(t) · e−j(Ωt+θ)

C(t) = R̂(t) · ejΩt . (19)

Applying Laplace transformation to (19) results in{
R(s) = S(s+ jΩ) · e−jθ

C(s) = R̂(s− jΩ)
. (20)

As shown in Fig. 6, it can be obtained that

R̂(s) = R(s) ·GHCSD(s). (21)

Combining (20) and (21) yields{
R̂(s) = S(s+ jΩ) · e−jθ ·GHCSD(s)
C(s) = S(s) · e−jθ ·GHCSD(s− jΩ)

. (22)

As shown in Fig. 5, the open-loop transfer function of HCSRF
transformation can be expressed as

GHCSRF(s) =
C(s)

S(s)
= e−jθ ·GHCSD(s− jΩ)

=
[kp(s− jΩ) + ki] · e−jθ

τ(s− jΩ)2 + (kp + 1) · (s− jΩ) + ki
. (23)

Thus, the closed-loop transfer function of HCSRF is

NHCSRF(s) =
1

1 + kGHCSRF(s)
=

τs2 +Ms− P

τs2 + (M +N)s− P +Q
(24)

where k is the closed-loop gain of HCSRF, and⎧⎪⎪⎨
⎪⎪⎩
M = kp + 1− 2τ · jΩ
N = k · kp · e−jθ

P = τΩ2 + (kp + 1) · jΩ− ki
Q = k(ki − kp · jΩ) · e−jθ.

(25)

According to (24), the frequency characteristics of closed-
loop transfer function of HCSRF is

NHCSRF(jw) |w=Ω =
1

1 + kki·e−jθ

2τΩ2+ki

. (26)

From (26), whenw → Ω, there isNHCSRF(jw) → 0. In addi-
tion, the notch depth is related to the gain k of HCSRF, the
proportionality coefficient ki of HCSD and the time constant τ
of LPF.

C. Suppression of Synchronous Disturbance Current

According to the principle of rotor mass unbalance, the current
in LFMB is composed of two parts: one part controls rotor stable
suspension and tilt, and the other part is synchronous disturbance
current, that is the current of LFMB{

Ix = ix + Ixs
Iy = iy + Iys

(27)

Fig. 7. Schematic diagram of synchronous vibration suppression method
based on HCSRF.

where Ix and Iy are the rotor’s tilt control current, ix and iy are
the current controlling the rotor’s stable suspension, and Ixs and
Iys are the synchronous disturbance current.

Fig. 7 is the control block diagram of MSCSG tilt channel
based on HCSRF method. Where Gc(s) is the transfer function
of the controller, Gw(s) is the transfer function of the power
amplifier, Gp(s) is the transfer function of the rotor radial control
system, α and β are the tilt angle of α-axis and β-axis, and Tαs

and Tβs are the 2-DOF synchronous disturbance torque. It can
be seen from that the rotor tilt control current through power
amplifier can be expressed as{

Ix = Sx ·Gs(s) ·Gc(s) ·Gw(s) · 1
1+k·GHCSRF(s)

Iy = Sy ·Gs(s) ·Gc(s) ·Gw(s) · 1
1+k·GHCSRF(s)

(28)

where {
Sx = sx + dx
Sy = sy + dy

(29)

where sx and sy are the ideal sensor displacement signals of
two tilt axis, dx and dy are the synchronous vibration signals
caused by rotor mass imbalance, and Sx and Sy are the actual
displacement signals of the displacement sensor.

By (27), (28), and (29), we can get{
Ixs = dx ·Gs(s) ·Gc(s) ·Gw(s) ·NHCSRF(s)
Iys = dy ·Gs(s) ·Gc(s) ·Gw(s) ·NHCSRF(s).

(30)

According to the analysis in the previous section, whenw →
Ω, there is NHCSRF(jw) → 0., so Ixs→0, Iys→0. That is the
synchronous disturbance component in the tilt control current,
which is completely suppressed. From (41), there is{

Ix → ix
Iy → iy

. (31)

From (31), we can know that the HCSRF method proposed in
this article can effectively suppress the synchronous disturbance
component in the tilt control current.

From (1), the generation principle of synchronous vibration
torque can be expressed as{

Tαs = Iys4NBL2
rϕ

Tβs = Ixs4NBL2
rϕ

. (32)
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Fig. 8. Equivalent tilt control structure with HCSRF.

As can be seen from (32), when the synchronous disturbance
current is suppressed, i.e., Ixs→0 and Iys→0, there are Tαs→0
and Tβs→0. So, when the synchronous disturbance current
is effectively suppressed, the synchronous vibration torque is
also completely suppressed. Combining (13) yields: D0(x)→0,
D0(y)→0, i.e., constant interference torque coefficient caused
by rotor mass dynamic unbalance tends to zero. From (12), we
can know that it will effectively eliminate the influence of mass
dynamic unbalance on the measurement accuracy of attitude an-
gular velocity. So, the measurement accuracy of angular velocity
is improved.

D. Stability Analysis

As can be seen from Fig. 7, the tilt control system of MSCSG
can be expressed as{

Jxα̈(t) + JzΩβ̇(t) = GcGw(1−Gs)α(t)

Jyβ̈(t)− JzΩα̇(t) = GcGw(1−Gs)β(t)
. (33)

From (33), we can know that the tilt control system of MSCSG
is a MIMO cross-coupled system. In order to simplify the
stability analysis of the system, it is necessary to transform it into
a SISO system. Considering that the phase of rotor tilt angle β is
90°ahead of α. So, we define the complex variable χ = α+ jβ,
where j is plural units 1. Combining with (32) and then applying
Laplace transformation

Jrs
2χ(s)− JzΩsχ(s) = Gc(s)Gw(s)[1−Gs(s)]χ(s). (34)

Therefore, the MIMO system is converted into a SISO system,
and the characteristic equation of the tilt control system can be
obtained from (33)

Jrs
2 − JzΩs−Gc(s)Gw(s)[1−Gs(s)] = 0. (35)

As can be seen from (35), the equivalent SISO system cor-
responds to a negative feedback control system. Where g(s) is
equivalent control object transfer function, h(s) is equivalent
control channel transfer function, respectively, expressed as{

g(s) = 1
Jrs2−jJzΩs

h(s) = Gc(s)Gw(s)[1−Gs(s)]
. (36)

Fig. 8 shows the control block diagram of equivalent SISO
system about MSCSG tilt channel. Where T(s) is the SRF
transformation and T-1(s) is the inverse SRF transformation. The

original sensitivity function of the system is defined as

S(s) =
1

1 + g(s)h(s)
. (37)

Letχe(s) is the input signal of equivalent SISO system,Θχ(s)
is the disturbance signal of equivalent SISO system. So, the
transfer function from Θχ(s) to χe(s)is

χe(s)

Θχ(s)
=

1

1 + g(s)h(s) + kGHCSRF(s)
. (38)

Therefore, the characteristic equation of the reconstructed
closed-loop system is

q(s) = 1 + g(s)h(s) + kGHCSRF(s). (39)

By substituting (23) and (37) into (39), the closed-loop char-
acteristic equation defined as the sensitivity function can be
obtained

q(s) = L(s) + k[kp(s− jΩ) + ki]e
−jθS(s) (40)

where

L(s) = τ(s− jΩ)2 + (kp + 1)(s− jΩ) + ki. (41)

Let q(s) = 0, and if ki = 0, the root of the characteristic
polynomial is s = jΩ. Therefore, by substituting this condition
into the characteristic equation and taking the derivative at ki =
0, we can get [39], [40]

∂s

∂ki
|s=jΩ,ki=0 =− ∂q

∂ki

/
∂q

∂s
=−

[
kp+

1

1+ke−jθS(jΩ)

]−1

.

(42)
In order to ensure the stability of system, the following

conditions must be satisfied:

π

2
< − arg

[
kp +

1

1 + ke−jθS(jΩ)

]−1

<
3π

2
. (43)

It can be seen from (43) that in order to satisfy the stability
of the system within the full speed range, we should adjust the
phase compensation factor θ when the rotor speed changes.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

In order to verify the superiority and correctness of the pro-
posed method, some simulations and experiments were carried
out. Physical parameters and control parameters of the MSCSG
system are shown in Tables II, III, and IV.

A. Simulation Analysis

First, the suppression effect of the proposed method at 83.3 Hz
is simulated and analyzed. As shown in Fig. 9, the amplitude
frequency response curve of HCSRF can be obtained from (23),
and the suppression effect of the traditional SRF method and
HCSRF is compared. When the rotor speed is 83.3 Hz, the time
constant τ of first order LPF in SRF and HCSRF is set to 0.05.
From the amplitude-frequency curve, the notch depth at 83.3 Hz
is both at −35.3 dB, but HCSRF has narrower width at the
center of notch, which can suppress the synchronous vibration
signals with higher precision and less interference to signals in
the surrounding frequency range. And the phase frequency curve
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TABLE II
PHYSICAL PARAMETERS OF THE MSCSG SYSTEM

TABLE III
CONTROL PARAMETERS OF THE MSCSG SYSTEM (5000 R/MIN)

TABLE IV
CONTROL PARAMETERS OF THE MSCSG SYSTEM (4000 R/MIN)

shows that HCSRF method alleviates phase lag in the rotor speed
range (0–83.3 Hz) compared with SRF method.

As can be seen from Fig. 5, two mutually orthogonal ac
displacement signals are converted to dc signals through SRF
frame, which consist of synchronous vibration signal and high-
frequency noise. Then, the high-frequency noise is filtered out
by HCSD system. In order to compare the filtering effect of
LPF in traditional SRF method and HCSD in HCSRF method,
Fig. 10 shows the output signal of dc signal through LPF and
HCSD, respectively. As can be seen from Fig. 10, although the
convergence speed of LPF is faster, it is only 0.002 s shorter
than that of HCSD, which has little influence on the suppression
effect of the unbalance vibration. In addition, the curve of LPF
output signal is obviously rough, and the curve of HCSD output
signal is smoother, i.e., the filtering effect of high-frequency
noise is better, and the suppression effect of unbalanced vibration
is better. Therefore, the proposed method uses HCSD instead of
LPF.

In order to verify the adjustment effect of phase compen-
sation factor θ on the system stability at full rotational speed
(0–5000 r/min), the closed-loop root locus of the system with
different θ is compared. Fig. 11 shows the root locus under three
conditions as follows:

Fig. 9. Amplitude frequency response curve of the HCSRF method when rotor
speed is 83.3 Hz (τ = 0.05, k = 60, kp = 0.3, ki = 5).

Fig. 10. Output signal of HCSD system and LPF of α channel and β channel.

Fig. 11. Closed-loop root trajectory of the HCSRF when θ=−90°, θ=−20°,
θ = 20° at full rotational speed (0–5000 r/min).

θ = −90°, θ = −20°, θ = 20°. As can be seen from Fig. 11,
when the rotor speed increases from 0 r/min to the rated speed
of 5000 r/min, the damping of pole gradually decreases and the
stability of the system is deteriorated. However, by adjusting θ,
the stability of the system can be ensured. As θ increases from
−90° to 20°, the poles of the system move to the right gradually,
and when θ = 20°, some poles are distributed in the right half
plane, so the system is unstable. When θ < 0°, the poles move to
the left with θ decreases and the damping of the system increases
gradually, so the stability of the system is enhanced. However,
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Fig. 12. Simulation results of current at a speed of 4000 r/min with the
proposed method at t = 3 s. (a) Control current in α-axis. (b) Control current in
β-axis. (c) Vibration torque in α-axis. (d) Vibration torque in β-axis.

Fig. 13. Simulation results of current at a speed of 5000 r/min with the
proposed method at t = 3 s. (a) Control current in α-axis. (b) Control current in
β-axis. (c) Vibration torque in α-axis. (d) Vibration torque in β-axis.

in this case, the suppression effect on synchronous vibration
signals decreases. In order to balance the contradiction between
the stability of the system and the suppression effect, we choose
θ = −20° as the suitable value.

Figs. 12 and 13 show the simulation results when the rotor
speed is 4000 r/min and 5000 r/min, respectively. As can be seen
from them, when the HCSRF controller proposed is added at t=
3 s, the synchronous control current and torque are effectively
suppressed. When the rotor speed is 4000 r/min, the control
current of α channel decreases from 176.5 mA to 68.4 mA,
the control current of β channel decreases from 177.7 mA to
71.9 mA, the torque of α channel decreases from 0.444 Nm to
0.171 Nm, and the torque of β channel decreases from 0.449 Nm
to 0.176 Nm. When the rotor speed is 5000 r/min, the control
current of α channel decreases from 477.8 mA to 174.6 mA,
the control current of β channel decreases from 479.1 mA to
194.2 mA, the torque of α channel decreases from 1.144 Nm to
0.429 Nm, and the torque of β channel decreases from 1.244 Nm
to 0.476 Nm.

In order to verify the superiority of HCSRF method in sup-
pressing the synchronous vibration signals, the same simulation
parameters are set when the rotor speed is 5000 r/min, and the
suppression effect was compared with SRF method. Fig. 14
shows the FFT analysis of torque when the rotor speed is
5000 r/min in three cases: 1) without suppression; 2) with SRF

Fig. 14. FFT analysis of vibration torque at a speed of 5000 r/min without
suppression, with SRF and HCSRF. (a) Vibration torque in α-axis. (b) Vibration
torque in β-axis.

method; 3) with HCSRF method. As shown in Fig. 14, compared
with the traditional SRF method, HCSRF not only has better
suppression effect on the synchronous vibration torque, but also
has less interference on the third and fifth harmonic component.
Using SRF and HCSRF method, the synchronous torque of α
channel is reduced by 89.89% and 90.07%, respectively, and β
channel is reduced by 87.01% and 87.55%, respectively.

In order to verify the suppression effect of HCSRF method
on synchronous vibration signals in the full speed range of
0–5000 r/min, the HCSRF method is applied during the rotor
speed rises to the rated speed by simulation, and the results are
shown in Fig. 15. As can be seen from Fig. 15, when the rated
speed is reached, the synchronous vibration torque of α channel
decreases from 0.76 dB to 0.07 dB, and β channel decreases
from 0.79 dB to 0.1 dB.

B. Experimental Verification

In order to further illustrate the superiority and correctness
of the proposed method, the suppression effect of synchronous
disturbance current and vibration torque is verified by the
MSCSG principle prototype system. The experimental system
of MSCSG is shown in Fig. 16. The experimental system mainly
includes a principle prototype of MSCSG, a control circuit,
an oscilloscope, a power supply, and a debugging computer.
The design of magnetic bearing control circuit is the focus of
the whole system, which mainly includes three modules: 1)
the conditioning module, 2) the signal processing module, and
3) the power amplifier module. The designed control circuit
needs to process the signal, convert the sensor signal to A/D and
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Fig. 15. Waterfall chart of vibration torque of MSCSG. (a) Without the
proposed method in α-axis. (b) Without the proposed method in β-axis.
(c) With HCSRF in α-axis. (d) With HCSRF in β-axis.

D/A, process the compiled control algorithm, and generate the
corresponding control signal. The control signal is input into the
winding of the magnetic bearing to complete the control function
of the magnetic bearing.

The HCSRF method is used when the rotor speed is
4000 r/min and 5000 r/min, respectively. And they are compared
with SRF method. The experimental results when the rotor speed
is 4000 r/min are shown in Fig. 17. The blue curve is the time
domain waveform of the control current, and the red curve is
the spectrum analysis of it. As can be seen from Fig. 17, the
unbalance vibration torque gradually increases with the increase

Fig. 16. Experimental system of MSCSG.

Fig. 17. Experimental results at a speed of 4000 r/min without the proposed
method, with SRF and with HCSRF. (a) Control current in t inα-axis. (b) Control
current in t in β-axis.
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Fig. 18. Experimental results at a speed of 5000 r/min without the proposed
method, with SRF and with HCSRF. (a) Control current in t inα-axis. (b) Control
current in t in β-axis.

of rotor speed, and the synchronous vibration torque is the main
interference component. Because the HCSRF method proposed
in this article only suppress synchronous current and has no
influence on the third and the fifth harmonic component current.
According to the spectrum analysis, with HCSRF method, the
synchronous disturbance current of α channel decreases by
87.64% from −35.73 dB to −44.04 dB and β channel de-
creases from −31.17 dB to −43.25 dB by 96.22%. And with
SRF method, the synchronous disturbance current of α channel
decreases by 68.93% and β channel decreases by 91.7%. So
HCSRF method has better suppression effect.

The experimental results when the rotor speed is 5000 r/min
are shown in Fig. 18. The amplitude of the synchronous current
is larger than that at the speed of 4000 r/min, which conforms
to the synchronous disturbance current of α channel decreases
from −31.46 dB to −41.9 dB, reducing by 94.31%. And β
channel decreases by 97.46% from −28.51 dB to −41.17 dB.
And with SRF method, the synchronous disturbance current of
α channel reduces by 90.9% and β channel reduces by 95.22%.
The inhibition effect is not as good as HCSRF method.

According to the experimental results, the HCSRF method
proposed in this article has obvious suppression effect on syn-
chronous disturbance current, and has no influence on the third
and fifth harmonic current. It can be seen from the relationship
between torque and current that the proposed method also has
obvious suppression effect on synchronous vibration torque.

V. CONCLUSION

The synchronous vibration torque caused by rotor mass un-
balance will affect the accuracy of MSCSG’s output torque
and the measurement of attitude angular velocity. Although
the traditional SRF method has simple structure and easy im-
plement, it has some problems such as serious phase lag and
low precision of synchronous vibration suppression. In order
to improve the suppression effect of synchronous vibration
torque, the HCSRF method is proposed, which only uses one
controller to suppress the synchronous disturbance current of
two tilt channels simultaneously in use of its orthogonality.
The HCSD system including PI controller and LPF is adopted
to improve the detection accuracy of synchronous signal and
realize higher precision suppression effect. By adjusting the
phase compensation factor, the stability of the system in the full
speed range of the rotor is ensured. Simulation and experimental
results demonstrate that the proposed method can effectively
suppress synchronous disturbance current and vibration torque,
which can reduce its influence on the attitude stability and ultra
agile maneuvering performance of the spacecraft platform, and
the attitude angular velocity measurement accuracy of MSCSG
is improved.
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