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Abstract: The maglev vibration isolation system exhibits excellent micro-vibration isolation
performance (0.01 Hz to 100 Hz band) in the space environment. However, a collision between the
base and the floating platform may occur in an ultra-low frequency range (≤0.01 Hz). To avoid
collision, the relative position and attitude between the base and the floating platform needs to be
accurately tracked and controlled. In this study, a novel measurement method with four groups of
two-dimensional position-sensitive detectors equipped with four laser light sources was proposed.
A high-precision relative position and attitude measurement model was established based on the
geometric relationship of space coordinates. A proportional-differential (PD) fixed-point control
algorithm was adopted to realize tracking control. The control performance of the system was
evaluated through simulation. Experiments were also carried out to verify the stability of the
system and the precision of the control algorithm. A maglev vibration isolation system prototype
was constructed and a test system was established. The proposed relative position and attitude
measurement model was verified and the six degrees of freedom relative position and attitude
response of the system was tested. Based on the measurement model, the tracking control of the
system was proven to have high precision.

Keywords: maglev vibration isolation; relative position and attitude; measurement model;
tracking control

1. Introduction

Scientific activities in spacecrafts have been gaining an increasing amount of attention because of
the almost zero-gravity environment [1]. However, the spacecraft suffers from various disturbances,
which may come from sunlight pressure, atmospheric drag, the orbit changing, and so on [2,3].
These disturbances are known as micro-vibrations, and they have a great impact on the precision
of space activities. How micro-vibrations can be isolated effectively has become an important
research topic.

Passive and active vibration isolation are the two main methods used to isolate micro-vibrations.
The passive vibration isolation method has high reliability and good isolation performance for vibrations
in middle- and high-frequency bands [4]; however, it cannot eliminate disturbance in the low-frequency
range. The active vibration isolation method is used to counteract the disturbance source according to
a certain control strategy [5]. The piezoelectric actuator [6,7], magnetostrictive actuators [8], and the
Lorentz actuator [9] are common actuators used in an active vibration isolation system, among which
the Lorentz actuator is the most promising method for creating ultra-quiet environments because of
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its non-contact characteristic, quick response, and wide frequency range [10–13]. Particularly when
the vibration frequency is below 5 Hz, the maglev vibration isolation system, based on the Lorentz
actuator, shows superior isolation performance owing to its large control stroke between the base and
the floating platform [14–17]. Currently, a great deal of research is focused on the maglev vibration
isolation system.

However, ultra-low frequency vibration (≤0.01 Hz) often occurs due to the randomness of
environmental vibrations, which generally have a large vibration amplitude [18,19]. When the
vibration amplitude is larger than the designed control stroke of the maglev vibration isolation system,
a collision between the base and the floating platform occurs. Therefore, it is necessary to establish a
precise mathematical model of the relative position and attitude between the base and the floating
platform to realize tracking control, thereby avoiding collision.

The precision of the measurement model and the integration of the system mainly depend on
the type and layout of sensors, which are the keys for tracking control. Very little research has been
conducted on this problem. Visual sensors, eddy current displacement sensors, and laser displacement
sensors are currently the main measuring equipment employed. A visual sensor is suitable for target
tracking and motion estimation in the aerospace industry, robot vision, visual navigation [20–23],
and so on. However, it will increase the complexity of the system when applied in the maglev vibration
isolation system [24,25]. Eddy current displacement sensors are widely used in precision instruments
due to their high sensibility and reliability [26,27]. However, they have a high requirement in terms of
the shape and size of the object [28]. Laser displacement sensors also have high sensitivity and a quick
response [29], whereas the volume of a laser displacement sensor is too large for a highly integrated
maglev vibration isolation system. Compared with the above-mentioned sensors, the split-type
position-sensitive detector (PSD) has an extremely high position resolution, which is a feasible choice
to measure the relative position between the base and the platform [30,31]. Moreover, it is more
suitable and economical to combine translation and rotation in the expression of coordinate system
transformation without adopting additional angle sensors.

The optimization of sensor layout and the reduction of sensor quantity are guaranteed to realize a
small volume and high-precision measurement. For sensors (visual sensors, eddy current displacement
sensors, and laser displacement sensors) with only one-dimensional measurement data, at least six or
three sensors, together with three extra angular sensors, are needed to obtain six degrees-of-freedom
(DOF) measurement data [32], which is difficult to apply in the system with a small size and high
integration. For two-dimensional PSD, three is enough. Limited research has been carried out on the
layout of PSD. Li and Ren conducted a preliminary investigation by adopting three two-dimensional
PSDs to obtain the three DOF relative positions and three DOF relative attitudes of a maglev vibration
isolation system [33]. However, only the calculated model was analyzed. Experiments were not
provided to verify it.

In this paper, a novel maglev vibration isolation system with four two-dimensional PSDs is
designed to implement hardware redundancy and improve calculation accuracy. The six DOF relative
and attitude measurement models were established, and more precise results obtained by taking
advantage of redundant information. Based on the measurement model, a tracking control law of
the maglev vibration isolation system was established. The tracking performance of the maglev
vibration isolation at a low frequency was simulated, and experiments were also carried out to verify
the measurement model and the precision of tracking control.

2. The Six DOF Relative Position and Attitude Measurement Model

A novel maglev vibration isolation platform with six DOF was designed, as shown in Figure 1.
The platform is mainly composed of a double-layer base, a floating platform, and eight Lorentz
actuators. Each Lorentz actuator contains a hollow coil and two groups of bar permanent magnets.
The Lorentz actuator is contactless. The coils are implanted into the side plates of the floating platform,
and the magnet groups are installed between the inner and outer side plates of the base. The platform
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is levitated between the side plates of the base. Eight actuators are installed horizontally and vertically
to simultaneously generate six DOF active control forces. The relative position is at the centimeter
level, and the relative attitude is at the 0.1 degree level. In order to achieve six DOF tracking controls,
the measurement model with three DOF relative positions and three DOF relative attitudes should be
accurately calculated.
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Figure 1. The description of six degrees-of-freedom (DOF) maglev vibration systems: (a) The structure
of the maglev vibration isolation platform; (b) the layout of actuators.

The precision of the measurement model was determined by the layout and quantity of PSDs.
Figure 2 shows the installation position diagram of the PSD and light sources. Four PSDs were installed
on the lateral plate of the base, and four laser light sources were installed onto the lateral plate of the
platform. When the base was disturbed, the position of the PSD would change accordingly. Then, the
position of the light spot on the photosensitive surface of the PSD would also change. The displacement
variation of the light spot on the photosensitive surface could be obtained by collecting and processing
the output current of the photosensitive surface pin. According to the three-dimensional spatial
geometry model, the position relationship between the displacement of the spot on the photosensitive
surface and the relative motion was set up.
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Figure 2. Schematic diagram of the installation position of PSDs and light sources.

The diagram of the three-dimensional geometry location is shown in Figure 3. Sensors 1 and 2
were used to measure the relative position along the Z-axis and Y-axis and the relative attitude around
the Z-axis and Y axis. Sensors 3 and 4 were used to measure the relative position along the Z-axis and
X-axis and the relative attitude around the Z-axis and X-axis. In order to analyze the relative motion
between the platform and the base, a coordinate system F was established on the platform, and the
horizontal axis was parallel to the light beams from four light sources on the platform. Furthermore,
a coordinate system, S, was set up on the base. The origin of the coordinate system S passes through
the centroid of four PSDs and was perpendicular to the photosensitive surfaces. Moreover, coordinate
systems Cp1, Cp2, Cp3, and Cp4 were established on the centroid of each PSD photosensitive surface,
respectively. The Z-axis direction of these four coordinate systems was the same as that of the platform
coordinate system, F.
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Figure 3. Diagram of a three-dimensional position measurement.

The transformation matrix from the base coordinate system to the platform coordinate system has
been defined as C. The Euler attitudes are represented byθx, θy, andθz, respectively. The transformation
matrix can be derived as shown in Equation (1),

C =


cθycθz −cθysθz sθy

sθxsθycθz + sθzcθx cθxcθz − sθxsθysθz −sθxcθy

sθzsθx − cθxsθycθz cθxsθysθz + cθzsθx cθxcθy

 (1)

where, c = cos() and s = sin().
Considering the small attitude motion between the base and the platform in a maglev vibration

isolation system, the transformation matrix can be simplified as:

C =


1 −θz θy

θz 1 −θx

−θy θx 1

 (2)

The transformation matrix from the photosensitive surface of PSD to the base coordinate system
has been defined as Cpi (i = 1, 2, 3, 4). According to the installation orientation of each PSD,
four transformation matrices can be written as:

Cp1 =


1 0 0
0 −1 0
0 0 1

, Cp2 =


−1 0 0
0 1 0
0 0 1

, Cp3 =


−1 0 0
0 1 0
0 0 1

, Cp4 =


1 0 0
0 −1 0
0 0 1

 (3)

To simplify the analysis process, the platform coordinate system is assumed to overlap with the
base coordinate system at the initial state. In the base coordinate system, the relative position between

the base and the platform after vibration is defined as r (r =
[

x y z
]T

), and the position vector
from the origin of the base coordinate system to the photosensitive centroid of the PSD is defined as
Ri (i = 1, 2, 3, 4). In the platform coordinate system, the position vector from the light source to the
photosensitive part of the PSD is defined as pi (i = 1, 2, 3, 4). The position vector from the origin of the
platform coordinate system to the light source is defined as si (i = 1, 2, 3, 4). In the PSD coordinate
system, the position vector from the origin of the PSD to the light spot is defined as di (i = 1, 2, 3, 4).
Among those vectors, Ri and di (i = 1, 2, 3, 4) can be actually measured by PSD. According to the
position relationship between different spatial geometric vectors, Equation (4) can be obtained and
transformed in the platform coordinate system.

pi = C(Cpidi + Ri − r) − si (4)
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As four PSDs were used in the model, the position vectors Ri, pi, si, and di (i = 1, 2, 3, 4) can be
expressed in matrix form as follows.

R1,2,3,4 =


−R1 R2 0 0

0 0 −R3 R4

0 0 0 0

 (5)

p1,2,3,4 =


−p1 p2 0 0

0 0 −p3 p4

0 0 0 0

 (6)

s1,2,3,4 =


−s1 s2 0 0
0 0 −s3 s4

0 0 0 0

 (7)

d1,2,3,4 =


0 0 d3x d4x

d1y d2y 0 0
d1z d2z d3z d4z

 (8)

The following equations can be obtained by substituting Equations (5)–(8) into Equation (4).
−p1

0
0

 = C


−x−R1

−d1y − y
d1z − z

−

−s1

0
0

 (9)


p2

0
0

 = C


−x + R2

d2y − y
d2z − z

−


s2

0
0

 (10)


0
−p3

0

 = C


−d3x − x
−y−R3

d3z − z

−


0
−s3

0

 (11)


0
p4

0

 = C


d4x − x
−y + R4

d4z − z

−


0
s4

0

 (12)

Equation (13) can be derived by substituting Equation (2) into Equations (9)–(12).

−y− xθz + zθx − θxd1z −R1θz = d1y
z− xθy + yθx + θxd1y −R1θy = d1z
y + xθz − zθx + θxd2z −R2θz = d2y

z− xθy + yθx − θxd2y + R2θy = d2z

−x + yθz − zθy + θyd3z + R3θz = d3x

z− xθy + yθx − θyd3x + R3θx = d3z

x− yθz + zθy − θyd4z + R4θz = d4x
z− xθy + yθx + θyd4x −R4θx = d4z

(13)

Equation (14) can be obtained by solving Equation (13).
x− yθz + zθy = 1

2

[
(d4x − d3x) + θy(d4z + d3z) + θz(R3 −R4)

]
xθz + y− zθx = 1

2

[(
d2y − d1y

)
+ θz(R1 −R2) − θx(d2z − d1z)

]
−xθy + yθx + z = 1

4

 (d1z + d2z + d3z + d4z) − θy(R2 −R1 − d3x + d4x)

−θx
(
d1y − d2y −R4 + R3

)  (14)
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Equation (14) can be transformed into matrix form, as
1 −θz θy

θz 1 −θx

−θy θx 1




x
y
z

 =


m1

m2

m3

 (15)

where 
m1 = 1

2

[
(d4x − d3x) + θz(R3 −R4) + θy(d3z + d4z)

]
m2 = 1

2

[(
d2y − d1y

)
+ θz(R2 −R1) − θx(d1z + d2z)

]
m3 = 1

4

 (d1z + d2z + d3z + d4z) − θy(R2 −R1 − d3x + d4x)

−θx
(
d1y − d2y −R4 + R3

) 
Then, Equation (16) can be obtained under the condition of

∣∣∣∣∣∣∣∣∣
1 −θz θy

θz 1 −θx

−θy θx 1

∣∣∣∣∣∣∣∣∣ , 0.


x
y
z

 =


1 −θz θy

θz 1 −θx

−θy θx 1


−1

m1

m2

m3

 (16)

Then, the calculation formulae of the relative position between the base and the platform can be
obtained as 

x = m1 + m2θz −m3θy

y = m2 −m1θz + m3θx

z = m3 + m1θy −m2θx

(17)

Similarly, by solving Equations (13), the relative attitude between the base and the platform can
be obtained as 

θx =
(d1z−d2z)(d4x+d3x)−(R1+R2)(d3z−d4z)

(d4x+d3x)(d1y+d2y)−(R1+R2)(R4+R3)

θy =
(R3+R4)(d1z−d2z)−(d1y+d2y)(d3z−d4z)

(d1y+d2y)(d3x+d4x)−(R1+R2)(R3+R4)

θz =
1
2

[
(d3x+d4x)−(d3z−d4z)θy

R3+R4
+

(d2z−d1z)θx−(d1y+d2y)
R1+R2

] (18)

3. Tracking Control of the Maglev Vibration Isolation System

Tracking control of the maglev vibration isolation system was studied based on the measurement

model. A state space column matrix was defined as X =
[

x y z θx θy θz
]T

, which consists of

the relative position [xyz]T and the relative attitude
[
θxθyθz

]T
of the system. The equations of motion

for the maglev vibration isolation platform can be written as

Mx
..
X + Cx

.
X + KxX = Fd + Fu (19)

where Mx is the mass matrix of the system, Cx is the damping matrix, Kx is the stiffness matrix, Fd is the
total external disturbing force matrix, and Fu is the active control force matrix exerted on the platform.

In order to achieve motion tracking, the target value of the relative displacement X0 between the
base and the platform should be a constant C0, associated with system parameters. The target value of
the relative velocity

.
X0 and the relative acceleration

..
X0 should be 0.

Defining ep as the relative displacement error, it can then be expressed as

ep = X0 −X (20a)
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Therefore, the relative velocity error and the relative acceleration error can be written as

.
ep =

.
X0 −

.
X (20b)

..
ep =

..
X0 −

..
X (20c)

Equation (20a–c) can be transformed as

X = C0 − ep (21a)

.
X = 0−

.
ep (21b)

..
X = 0−

..
ep (21c)

Substituting Equation (21a–c) into Equation (19), the equation of motion of the maglev vibration
isolation system can be transformed as

Mx
..
ep + Cx

.
ep + Kxep + Fu = −Fd + KxC0 (22)

The active control force based on a PD-fixed control algorithm is defined as

Fu = Kd
.
ep+Kpep − Fd + KxC0 (23)

where Kd is the differential coefficient and Kp is the proportionality coefficient.
Then, Equation (22) can be reduced to

Mx
..
ep + (Cx+Kd)

.
ep +

(
Kx+Kp

)
ep = 0 (24)

A Lyapunov function is defined as

V =
1
2

.
ep

TMx
.
ep +

1
2

ep
TKpep (25)

The matrix Mx and Kp are positive definites, and V is globally positive. Then, the differential of
V yields

.
V =

.
ep

TMx
..
ep +

1
2

.
ep

T .
Mx

.
ep +

.
ep

TKp1ep (26)

Based on the small attitude hypothesis and Equation (22), Equation (24) can be written as

.
V =

.
ep

T
(
Mx

..
ep + Kpep

)
= −

.
ep

T(Cx + Kd)
.
ep (27)

In order to decrease the control quantities exponentially, the damping ratio of the system is

required to be greater than or equal to 1. Therefore, it can be obtained that Cx + Kd ≥ 2Mx

√
Mx−1Kp,

indicating that Cx + Kd must be a positive definite. According to Equation (27), there is
.
V ≤ 0.

Based on the above analysis, when
.
V ≡ 0, there must be

.
ep ≡ 0. Thereby,

..
ep ≡ 0.

Taking
.
ep ≡ 0 and

..
ep ≡ 0 into Equation (22), it can be simplified as

(
Kx+Kp

)
ep = 0. As Kx and Kp

are positive definites, then ep ≡ 0. According to LaSalle’s theorem,
(
ep,

.
ep

)
≡

(
0, 0

)
is the globally

asymptotically stable equilibrium point, which enables any inertial condition to reach the target [34].
A control program was constructed in MATLAB/SIMULINK to simulate the tracking performance

of the six DOF maglev vibration isolation system. Sinusoidal disturbance with a frequency of 0.01 Hz
and amplitude of 3 mm was assumed to be exerted on the base along the Z axis. Relative motions with
and without tracking control along and around Z direction are shown in Figures 4 and 5, respectively.
It can be seen that the relative displacement, relative velocity, and relative acceleration between the
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base and the platform approach zero quickly in a very short period of time, indicating that the maglev
vibration isolation system has good tracking performance at 0.01 Hz.
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4. Experiments

Experiments were conducted to evaluate the validity of the above model. A prototype of the
maglev vibration isolation platform was manufactured. The mass and moment of inertia of the
manufactured floating platform are listed in Table 1. In addition, the identified force constants, the
equivalent stiffness matrix, and the damping matrix were identified as shown in Tables 2 and 3,
respectively. The Lorentz forces can be obtained by multiplying force constants with currents. The
experimental device is shown in Figure 6. The base of the maglev vibration isolation prototype was
fixed by the installation module. A laser displacement sensor (KEYENCE LK-H025) equipped with
an acquisition module was used to measure the displacement of the platform. The light spot of the
laser displacement sensor was focused on the center of the platform. Four two-dimensional PSDs
(DL400-7-PCBA) were installed onto the base, and four light sources (LDM635-5LT) were fixed onto
the floating platform. The layout of the PSDs is shown in Figure 7.

Table 1. Mass and moment of inertia of the floating platform.

Description Value

m/Kg 5.42
Jxx/Kg·m2 0.1005
Jxy/Kg·m2

−4.776 × 10−6

Jxz/Kg·m2 0
Jyy/Kg·m2 0.1005
Jyz/Kg·m2 0
Jzz/Kg·m2 0.195
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Table 2. Force constant of actuators.

Description Value (N/A)

Actuator 1 8.0911
Actuator 2 8.0911
Actuator 3 8.2748
Actuator 4 8.2748
Actuator 5 8.0911
Actuator 6 8.0911
Actuator 7 7.9093
Actuator 8 7.9093

Table 3. Equivalent stiffness matrix and damping matrix of cables.

Description Stiffness Matrix (N/mm) Damping Matrix (N·s/mm)

Power cable [−22.16 0 45.73;0 7.44 0;
−45.25 0 61.85]

[0.0013 0 −0.0011;0 −0.0106 0;
0.0102 0 0.0305]

Signal cable [−30.24 0 62.35;0 8.78 0;
−62.67 0 91.62]

[−0.025 0 0.0016;0 −0.0023 0;
−0.012 0 −0.0253]
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4.1. Verification of the Relative Position Measurement Model

The floating platform was pushed back and forth along the X axis, Y axis, and Z axis, respectively.
During the movement, the displacement of the spot on the photosensitive surface was measured by
PSDs. The motion information between the base and the platform was calculated by the relative
position measurement model. To verify the proposed measurement model, a laser displacement sensor
was used to measure the displacement of the floating platform. A comparison of the test results of the
PSD and laser displacement sensor is shown in Figure 8.



Sensors 2019, 19, 3375 10 of 14

Sensors 2019, 19, x FOR PEER REVIEW 10 of 14 

 

The floating platform was pushed back and forth along the X axis, Y axis, and Z axis, 

respectively. During the movement, the displacement of the spot on the photosensitive surface was 

measured by PSDs. The motion information between the base and the platform was calculated by the 

relative position measurement model. To verify the proposed measurement model, a laser 

displacement sensor was used to measure the displacement of the floating platform. A comparison 

of the test results of the PSD and laser displacement sensor is shown in Figure 8. 

  

  

 

 

 

Figure 8. Comparison of relative position changes: (a) Position change along X direction; (b) position 

change along Y direction; (c) position change along Z direction. 

As the reciprocating movement process of the floating platform is relatively random and the 

installation precision requirement of laser displacement sensor is not high, measuring errors exist. 

The maximum error between the calculated results based on PSDs and the laser displacement sensor 

is shown in Table 4. In general, the position change trend and the amplitude of the results of two 

kinds of sensors are consistent, proving that the relative position measurement model is accurate. 

Table 4. Maximum error between calculated results based on PSDs and laser displacement sensor. 

Along X/mm Along Y/mm Along Z/mm 

0.109 0.129 0.585 

4.2. Relative Position and Attitude Dynamic Response Test 

According to the proposed tracking control law of the maglev vibration isolation system, the 

dynamic response of relative position and attitude can be obtained. The physical zero of the 

photosensitive surface of the PSD was set as the target zero. Then, the PD parameters of the control 

law were adjusted by trying from small to large. The proportionality coefficient of each DOF was set 

as 60 and the differential coefficient of each DOF was set as 180. The floating platform could move 
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As the reciprocating movement process of the floating platform is relatively random and the
installation precision requirement of laser displacement sensor is not high, measuring errors exist.
The maximum error between the calculated results based on PSDs and the laser displacement sensor is
shown in Table 4. In general, the position change trend and the amplitude of the results of two kinds
of sensors are consistent, proving that the relative position measurement model is accurate.

Table 4. Maximum error between calculated results based on PSDs and laser displacement sensor.

Along X/mm Along Y/mm Along Z/mm

0.109 0.129 0.585

4.2. Relative Position and Attitude Dynamic Response Test

According to the proposed tracking control law of the maglev vibration isolation system,
the dynamic response of relative position and attitude can be obtained. The physical zero of
the photosensitive surface of the PSD was set as the target zero. Then, the PD parameters of the control
law were adjusted by trying from small to large. The proportionality coefficient of each DOF was set as
60 and the differential coefficient of each DOF was set as 180. The floating platform could move from
the initial position to the target position under the control of eight actuators. According to the proposed
measurement model, the response results of the relative position and attitude could be calculated.
It can be seen in Figure 9 that the relative position and attitude of the maglev vibration isolation system
can reach the target position within 1 to 2 s, and the overshoot is small. The steady-state response
errors along and around the X axis, Y axis, and Z axis are 13.85 µm, 16.27 µm, 10.55 µm, 108.3 µrad,
143.21 µrad, and 103.4 µrad, respectively. The results indicate that the system can quickly reach the
target under tracking control based on the measurement model.
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The acquisition resolution of the PSDs was tested in a static state, and the data was compared with
the steady-state response results from 5 to 15 s (Figure 10). The control resolution of the six DOFs is
consistent with the acquisition resolution in the static state, which confirmed that the tracking control
has high precision.Sensors 2019, 19, x FOR PEER REVIEW 12 of 14 
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Figure 10. Resolution comparison of relative position and attitude with six DOFs: (a) Resolution along
X; (b) resolution along Y; (c) resolution along Z; (d) resolution around X; (e) resolution around Y;
(f) resolution around Z.

The root mean square errors between the steady-state response and acquisition resolution are
listed in Table 5, and the maximum root mean square error is 0.0187. The tracking control is proven to
have high precision as the control resolution of six DOFs is consistent with the acquisition resolution in
the static state.
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Table 5. Comparison of the root mean square errors between steady-state response and
acquisition resolution.

Along X Along Y Along Z Around X Around Y Around Z

0.0078 0.0108 0.0187 1.03 × 10−4 7.87 × 10−5 2.47 × 10−5

5. Conclusions

In this paper, a novel measurement method with four groups of two-dimensional PSDs equipped
with four laser light sources has been proposed. According to the geometric relationship of space
coordinates, three DOF relative positions and three DOF attitude measurement models of maglev
vibration isolation systems were developed. A tracking control model of the maglev vibration
isolation system based on the measurement model was also established. A control program was
developed, and the tracking performance was simulated when the disturbing frequency was 0.01 Hz.
The simulation results showed that the system had excellent tracking performance. A prototype of the
maglev vibration isolation system was manufactured and experiments were conducted to verify the
proposed measurement model. By comparing the test results of the laser displacement sensor and
PSDs, it could be concluded that the relative position and attitude measurement model is accurate.
The dynamic response of the maglev vibration isolation system shows that, based on the proposed
measurement model, the tracking control has high precision.

Author Contributions: Conceptualization, Q.W. and N.C.; Methodology, Q.W. and B.L.; Software, Q.W. and
S.Z.; Validation, B.L.; Formal analysis, Q.W.; Investigation, N.C.; Resources, B.L.; Data curation, Q.W. and S.Z.;
Writing—original draft preparation, Q.W. and S.Z.; Writing—review and editing, N.C.; Visualization, N.C.;
Supervision, B.L.; Project administration, Q.W., B.L. and N.C.; funding acquisition, Q.W., B.L. and N.C.

Funding: This research was funded by Shandong Provincial Natural Science Foundation, China, grant number
ZR2018BEE020, Applied Basic Research Program of Science and Technology of Qingdao, grant number 19-6-2-61-cg,
A Project of Shandong Province Higher Educational Science and Technology Program, grant number J18KA018,
National Natural Science Foundation of China, grant number 51704174 and Taishan Scholar Program of Shandong,
grant number ts201712054.

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

References

1. Pedreiro, N. Spacecraft architecture for disturbance-free payload. J. Guid. Control Dyn. 2003, 26, 794–804.
[CrossRef]

2. Cobb, R.G.; Sullivan, J.M.; Das, A.; Davis, L.P.; Hyde, T.; Davis, T.; Rahman, Z.H.; Spanos, J. Vibration
Isolation and Suppression System for Precision Payloads in Space. Smart Mater. Struct. 1999, 8, 798–812.
[CrossRef]

3. Bushnell, G.S.; Becraft, M.D. Flight Test of an International Space Station Active Rack Isolation Prototype
System. Smart Mater. Struct. 1999, 8, 791–797. [CrossRef]

4. Kamesh, D.; Pandiyan, R.; Ghosal, A. Passive Vibration Isolation of Reaction Wheel Disturbances Using a
Low Frequency Flexible Space Platform. J. Sound Vib. 2012, 331, 1310–1330. [CrossRef]

5. Yi, S.; Yang, B.; Meng, G. Microvibration isolation by adaptive feedforward control with asymmetric hysteresis
compensation. Mech. Syst. Signal Process. 2019, 114, 644–657. [CrossRef]

6. Li, Z.; Bainum, P.M. Vibration control of flexible spacecraft integrating a momentum exchange controller and
a distributed piezoelectric actuator. J. Sound Vib. 1994, 177, 539–553. [CrossRef]

7. Hu, Q. Robust adaptive sliding mode attitude maneuvering and vibration damping of three-axis-stabilized
flexible spacecraft with actuator saturation limits. Nonlinear Dyn. 2009, 55, 301–321. [CrossRef]

8. Zhang, T.; Yang, B.T.; Li, H.G.; Meng, G. Dynamic modeling and adaptive vibration control study for giant
magnetostrictive actuators. Sens. Actuators A Phys. 2013, 190, 96–105. [CrossRef]

http://dx.doi.org/10.2514/2.5114
http://dx.doi.org/10.1088/0964-1726/8/6/309
http://dx.doi.org/10.1088/0964-1726/8/6/308
http://dx.doi.org/10.1016/j.jsv.2011.10.033
http://dx.doi.org/10.1016/j.ymssp.2018.05.013
http://dx.doi.org/10.1006/jsvi.1994.1450
http://dx.doi.org/10.1007/s11071-008-9363-1
http://dx.doi.org/10.1016/j.sna.2012.11.001


Sensors 2019, 19, 3375 13 of 14

9. Banik, R.; Gweon, D.G. Design and optimization of voice coil motor for application in active vibration
isolation. Sens. Actuators A Phys 2007, 137, 236–243. [CrossRef]

10. Grodsinsky, C.M.; Whorton, M.S. Survey of active vibration isolation systems for microgravity applications.
J. Spacecr. Rocket. 2000, 37, 586–596. [CrossRef]

11. Wu, Q.; Yue, H.; Liu, R.; Zhang, X.; Ding, L.; Liang, T.; Deng, Z. Measurement model and precision analysis of
accelerometers for maglev vibration isolation platforms. Sensors 2015, 15, 20053–20068. [CrossRef] [PubMed]

12. Zhu, T.; Cazzolato, B.; Robertson, W.S.P. Vibration isolation using six degree-of-freedom quasi-zero stiffness
magnetic levitation. J. Sound Vib. 2015, 358, 48–73. [CrossRef]

13. Liu, J.; Li, Y.; Zhang, Y.; Gao, Q.; Zuo, B. Dynamics and control of a parallel mechanism for active vibration
isolation in space station. Nonlinear Dyn. 2014, 76, 1737–1751. [CrossRef]

14. Zhu, W.H.; Tryggvason, B.; Piedboeuf, J.C. On active acceleration control of vibration isolation systems.
Control Eng. Pract. 2006, 14, 863–873. [CrossRef]

15. Kamesh, D.; Pandiyan, R.; Ghosal, A. Modeling, design and analysis of low frequency platform for
at-tenuating micro-vibration in spacecraft. J. Sound Vib. 2010, 329, 3431–3450. [CrossRef]

16. Khoshnevis, A.; Ahadi, A.; Saghir, M. On the Influence of g-jitter and prevailing residual accelerations
onboard International Space Station on a thermodiffusion experiment. Appl. Eng. 2014, 68, 36–44. [CrossRef]

17. Tryggvason, B.V.; Duval, W.M.; Smith, R.W.; Rezkallah, K.S. The vibration environment on the International
Space Station: Its significance to fluid-based experiments. Acta Astronaut. 2001, 48, 59–70. [CrossRef]

18. Yang, H.; Liu, L.; Guo, H.; Lu, F.; Liu, Y. Wrapping dynamic analysis and optimization of deployable
composite triangular rollable and collapsible booms. Struct. Multidiscip. Optim. 2019, 59, 1371–1383.
[CrossRef]

19. Gilles, H.; Girard, S.; Hamel, J. Experimental robustness study of positive position feedback control for active
vibration suppression. J. Guid. Control Dyn. 2002, 25, 179–182.

20. Li, J. Binocular vision measurement method for relative position and attitude based on du-al-quaternion.
J. Mod. Opt. 2017, 64, 1846–1853. [CrossRef]

21. Liu, W.; Ma, X.; Jia, Z.; Zhang, Y.; Shang, Z.; Li, X. Position and attitude measurement of high-speed isolates
for hypersonic facilities. Measurement 2015, 62, 63–73. [CrossRef]

22. Nellore, K.; Hancke, G. Traffic management for emergency vehicle priority based on visual sensing. Sensors
2016, 16, 1892. [CrossRef] [PubMed]

23. Liu, W.; Ma, X.; Chen, L.; Jia, Z. Remote-controlled flexible pose measurement system and method for a
moving target in wind tunnel. Chin. J. Aeronaut. 2018, 31, 89–98. [CrossRef]

24. Zhang, S.; Liu, F.; Cao, X.; He, L. Monocular vision-based two-stage iterative algorithm for relative position
and attitude estimation of docking spacecraft. Chin. J. Aeronaut. 2010, 23, 204–210.

25. Dang, Z.; Zhang, Y. Relative position and attitude estimation for inner-formation gravity measurement
satellite system. Acta Astronaut. 2011, 69, 514–525. [CrossRef]

26. Fang, J.; Wen, T. A wide linear range eddy current displacement sensor equipped with dual-coil probe
applied in the magnetic suspension flywheel. Sensors 2012, 12, 10693–10706. [CrossRef] [PubMed]

27. Liu, W.; Wang, T.; Liang, B.; Feng, D.; Jiang, X. Measurement of three-dimensional information by single
eddy current displacement sensor. IEEE Sens. J. 2019, 19, 3543–3552. [CrossRef]

28. Fan, Y.; Ma, W.; Jiang, P.; Huang, J.; Chen, K. Improving Angular Accuracy of a Scanning Mirror Based on
Error Modeling and Correction. Sensors 2019, 19, 367. [CrossRef] [PubMed]

29. De Paz, J.P.Z.; Castaneda, E.C.; Herrera, J.S.; Turchiuli, C. Measurement of agglomerates shape parameters
with three dimensional reconstruction based on a laser displacement sensor. Metrol. Meas. Syst. 2013,
20, 407–418. [CrossRef]

30. Contreras, J.; Idzikowski, M.; Pereira, S.; Filonovich, S.A.; Fortunato, E.; Martins, R.; Ferreira, I. Amorphous
silicon position sensitive detector array for fast 3-D object profiling. IEEE Sens. J. 2012, 12, 812–820. [CrossRef]

31. Tryggvason, B.; Stewart, W.; Vezina, L. Acceleration levels and operation of the Microgravity Vibration
Isolation Mount (MIM) on the shuttle and the Mir space station. In Proceedings of the 37th Aerospace
Sciences Meeting and Exhibit, Reno, NV, USA, 11–14 January 1999; pp. 52–60.

32. Xie, L.; Qiu, Z.; Zhang, X. Development of a 3-PRR precision tracking system with full closed-loop
measurement and control. Sensors 2019, 19, 1756. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.sna.2007.03.011
http://dx.doi.org/10.2514/2.3631
http://dx.doi.org/10.3390/s150820053
http://www.ncbi.nlm.nih.gov/pubmed/26287203
http://dx.doi.org/10.1016/j.jsv.2015.07.013
http://dx.doi.org/10.1007/s11071-014-1242-3
http://dx.doi.org/10.1016/j.conengprac.2005.04.016
http://dx.doi.org/10.1016/j.jsv.2010.03.008
http://dx.doi.org/10.1016/j.applthermaleng.2014.04.001
http://dx.doi.org/10.1016/S0094-5765(00)00140-5
http://dx.doi.org/10.1007/s00158-018-2118-9
http://dx.doi.org/10.1080/09500340.2017.1321798
http://dx.doi.org/10.1016/j.measurement.2014.10.058
http://dx.doi.org/10.3390/s16111892
http://www.ncbi.nlm.nih.gov/pubmed/27834924
http://dx.doi.org/10.1016/j.cja.2017.07.012
http://dx.doi.org/10.1016/j.actaastro.2011.05.006
http://dx.doi.org/10.3390/s120810693
http://www.ncbi.nlm.nih.gov/pubmed/23112623
http://dx.doi.org/10.1109/JSEN.2019.2893958
http://dx.doi.org/10.3390/s19020367
http://www.ncbi.nlm.nih.gov/pubmed/30658462
http://dx.doi.org/10.2478/mms-2013-0035
http://dx.doi.org/10.1109/JSEN.2011.2164398
http://dx.doi.org/10.3390/s19081756
http://www.ncbi.nlm.nih.gov/pubmed/31013761


Sensors 2019, 19, 3375 14 of 14

33. Li, Z.F. 3D Position Measurement of Active Vibration Isolation System under Space Microgravity. J. Astronaut.
2010, 31, 1625–1630. (In Chinese)

34. Shi, Z.; Wang, T.; Liu, D.; Ma, C.; Yuan, X. A fuzzy PID-controlled SMA actuator for a two-DOF joint.
Chin. J. Aeronaut. 2014, 27, 453–460. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cja.2014.02.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Six DOF Relative Position and Attitude Measurement Model 
	Tracking Control of the Maglev Vibration Isolation System 
	Experiments 
	Verification of the Relative Position Measurement Model 
	Relative Position and Attitude Dynamic Response Test 

	Conclusions 
	References

