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A B S T R A C T   

Dynamic gravity field measurement based on the cold atom absolute gravity measurement system 
has important applications in geological exploration, gravity field mapping and other fields. The 
inertial stabilized platform is the key component of the dynamic cold atom absolute gravity 
measurement system, which can isolate the interference of carrier angle motion and keep the 
atomic gravimeter probe in the horizontal attitude during the measurement process. In this paper, 
according to the dynamic measurement requirements of atomic gravimeter, a high-precision two- 
axis inertial stabilized platform system is designed. The relationship between attitude angle and 
gravity measurement error is analyzed, and the stability of the system is enhanced by lead-lag 
method. Then the static vertical vibration power spectrum of the platform is measured to 
consider its influence on dynamic gravity measurement. Finally, a dynamic gravity test experi-
ment was conducted in the Yellow Sea to verify the attitude control accuracy of the platform, and 
the attitude data of the platform under different heading were evaluated. The attitude standard 
deviation of the platform was better than 4 × 10− 5 rad, and the absolute gravity standard de-
viation of the linear round-trip measurement reached 1.49 mGal. The experimental data show 
that the inertial stabilized platform can meet the dynamic measurement requirements of the cold 
atom gravimeter.   

1. Introduction 

At present, high precision ground gravity observation information, which can obtained from the gravimeter, is the basic data for 
studying the characteristics of the earth’s internal structure, density and stress distribution [1,2]. The instruments used for gravity 
measurement are divided into two categories, relative gravimeters and absolute gravimeters [3]. The working principle and appli-
cation of the two are different. The absolute gravimeter can directly measure the value of the acceleration of gravity where it is, which 
is the reference information of gravity, and then the relative gravimeter can be measured around, it can not directly measure the 
acceleration of gravity, it can only measure the difference between two points. However, the relative gravimeter often needs to be 
calibrated at the reference point because of the problems such as instrument drift, spring response and calibration factor change [4,5]. 
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Absolute gravimeters have been developed in the last thirty years, it is mainly divided into two categories, optical absolute 
gravimeter [6] and cold atom absolute gravimeter [7]. The optical absolute gravimeter uses laser to measure the falling distance of the 
slider in the vacuum channel and then calculates the gravitational acceleration. The rapid development of atomic interferometer has 
been driven by laser-cooled atomic technology and matter-wave interference methods [8,9]. Nowadays, the measurement accuracy of 
cold atomic gravimeter(CAG) is the same as the optical absolute gravimeters [10]. Compared with the these, the volume of cold atom is 
very small, and the miniaturized vacuum measuring device is easy to achieve, while the mechanical transmission device of optical 
gravimeter is complex, which is not conducive to the development of dynamic absolute gravity measurement. The miniaturized and 
movable CAG has been taken out of the laboratory [11–13] and gradually applied in geophysics, space exploration, resource explo-
ration and marine physical field mapping due to the integration of embedded control technology into the atomic gravimeter [14–16]. 

Since the acceleration of gravity itself is vertical downward, for both the absolute gravimeter and the relative gravimeter, it is 
necessary to maintain a horizontal attitude when measuring gravity, which can reduce the measurement error [17–19]. The re-
searchers have carried out the relative gravity measurement combined the inertially stabilized platform and the relative gravimeter 
[20–22], such as the CHZ-II relative gravimeter combined with a strapdown stabilized platform to form a dynamic measurement 
system, the control accuracy of the platform is greater than 1.45 × 10− 4 rad, but the device was unable to complete the long-distance 
and long-term gravity measurement tasks. Based on the advantages of absolute gravity measurement, dynamic absolute gravity 
measurement experiments on ship, vehicle and airborne have been carried out. The team of Bidel.Y has conduct several dynamic 
comparative experiments between the CAG and the relative gravimeter on shipborne and airborne from 2016 to 2022 [23–25]. In these 
experiments, the CAG has been fixed in a two-axis Inertially Stabilized Platform(ISP) in order to ensure that the axis of Raman optical 
coincides with the gravitational acceleration perpendicular, the result show a good agreement for the cold atom gravimeter with 
standard deviation and means on difference below or equal to 2 mGal, the attitude control accuracy of the platform is 0.1 × 10− 3 rad. 
The team of Che also carried out a test using a CAG and a ISP on Qiandao Lake in 2022, the control accuracy of the roll is 0.08 × 10− 3 

rad, and the pitch is 0.03 × 10− 3 rad [26]. 
Our team carried out a vehicle-mounted fixed-point absolute gravity experiment on the roadside of Xianlin Reservoir in Hangzhou, 

we used a three-axis leveling platform to control the tilt angle which is unsuitable for dynamic measurement [27]. Therefore, we have 
developed a set of ISP in order to further develop the dynamic experiment of CAG. Then, our team has formed a dynamic absolute 
gravity measurement system combining an ISP and a CAG, and gradually carried out moving experiments [28], mooring experiments 
[29], lake and ocean comparison experiments [30]. 

Inertially stabilized platform [31–33] are widely used in image tracking [34,35], attitude control [36,37] and so on. The main 
function of the ISP is to restrain the interference torque and isolate the carrier movement to ensure that the frame is always in the 
geographical horizontal plane. The structure of the platform is composed of the frame, motor, sensor and controller, and the system is 
divided into the correction loop and the stabilization loop. The correction loop can calculate the angle and angle velocity of the 
platform based on information from the accelerometer and gyro; the stabilization loop is used to restrain the interference torque and 
keep the platform attitude stable. 

The CAG is larger and heavier than relative gravimeters. The vacuum probe for cold atom interferometry used in this paper is a 
cylinder with a diameter of 520 mm and a weight of 60 kg. To ensure the rigidity of the platform, the thickness of the platform frame 
and the rotational inertia must be excessive. Based on the practical needs of dynamic absolute gravimetry, this paper designs a highly 
precision ISP, analyzes how much the control accuracy of the platform that can meet the measurement requirements, introduces the 
frame structure and control system structure of the platform, assesses the impact of the platform on the sensitivity of the CAG, and 
analyzing the attitude data of the ISP from dynamic absolute gravimetry field experiments on the Yellow Sea. 

Fig. 1. Schematic diagram of two-axis platform’s principle.  
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2. Principle and structure 

2.1. The principle of ISP 

The two-axis stabilized platform actually causes the platform coordinate system (p coordinate system) to track the horizontal 
attitude angle of the geographic coordinate system (n coordinate system), so there is only the azimuth angle H between the p coor-
dinate system and the n coordinate system, maintaining the geographic horizontal attitude, as shown in Fig. 1. 

Take the frame axis q as an example, when the carrier has an angular velocity v around the frame axis q direction, the corresponding 
Gy gyroscope is sensitive to the angular velocity information and sends the angular velocity increment to the stabilization control loop, 
which generates a torque signal of equal magnitude and opposite direction to the angular velocity to control the rotation of the torque 
motor of the axis, so as to keep the axis stable and isolate the influence of disturbance. 

2.2. The attitude index of ISP 

The CAG developed by our team is based on a Mach-Zehnder atomic interferometer [15]. The basic principle is that the cold atom 
cloud falls freely in the vacuum probe, and it splits, deflects and combines by three pulses of reversed Raman light, and finally realizes 
the interference of atomic matter waves, as shown in Fig. 2(a)(b). 

The atom cloud after split by the Raman lights goes through two paths A and B respectively, and the total phase of the atomic 
interference is related to the trajectory of the two paths and the phase sum of the two beams of Raman light, the expression is shown in 
Formula (1), 

Δφ=φA − φB =φ(z1) − φ
(
zA

2

)
− φ

(
zB

2

)
+ φ(z3) (1) 

z1, zA 2, zB 2, z3 is the position of the atom in the light field, Φ is the phase of light. The main gravity error of the measurement 
comes from changing of the total phase during the interference process, furthermore, the main reason of changing of the total phase is 
the vibration or rotation of the mirror which cause a change in phase of the reflected Raman light. From Fig. 2(a), the mirror is fixed on 
the accelerometer and also on the ISP frame, then the attitude change of the platform leads to the vibration and rotation of the mirror, 
so a change in the total phase is caused finally. Under the static conditions, the simple formula for calculating the tilt of an axis and 
gravity error is shown in Formula (2) [19], 

Δg= θ2 ⋅ g
/

2 (2) 

in the formula: Δg is the measurement error, g is the acceleration of gravity and θ is the tilt angle. The way to decrease measurement 
error is to reduce the value of the attitude tilt, for example, if we want to keep it within 1 mGal, we can calculate the corresponding θ to 
be 1.4 × 10− 3 rad. However, in the process of a dynamic measurement, due to the horizontal acceleration of the carrier and the tilt of 
the platform, there is relative motion between the cold atom cloud and the Raman light. So, at the same value of tilt, the gravity error 
which is show in Formula (3) [24] must be greater than the calculation result of Formula (2), 

Δg=
θ2

x + θ2
y

2
· g + θx · ax + θy · ay (3) 

in the formula: ax, ay is the horizontal acceleration. If assumed that the horizontal acceleration is 0.01 m/s2, we also want to keep it 
within 1 mGal, then the value of θx and θy should be less than 0.5 × 10− 3 rad. By the way, the process of atomic interference does not 

Fig. 2. The schematic diagram of absolute gravity measurement system.  
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require the azimuth of the carrier, and the gravitational error caused by the rotation of the Earth can be calculated by the Coriolis 
effect. 

In summary, in dynamic measurement environment for CAG, the carrier is subjected to random external disturbance torque and 
horizontal acceleration, according to the working principle of the atomic gravimeter, we need a two-axis ISP to isolate the disturbance 
and keep the tilt value small, so that higher accuracy can be obtained. 

2.3. The structure of ISP 

The structure of the platform is shown in Fig. 3(a)(b). As can be seen from Fig. 3(a), the ISP consists of an inertial navigation system 
(INS), a frame (roll and pitch) and motors. The two axis are vertically mounted and fixed at both ends, the cross section of the two 
frames is hollow hexagonal structure, with the characteristics of large moment of inertia and strong stiffness, and the material is cast 
aluminum alloy. The 3D model effect is shown in Fig. 3(b), so that the structure of the platform can be intuitively understood. The 
atomic gravimeter is fixed on the roll frame, the outside of the roll frame is the pitch frame, and the DC motor marked in the figure is 
fixed on the roll frame, however the pitch frame motor is not marked in Fig. 3(b) due to line of sight obstruction. 

The cylinder is the vacuum probe of the cold atom gravimeter, which is installed in the center of the platform table.The INS is 
mounted below the vacuum probe and is used to calculate the relevant information of the platform frame in inertial space, including 
the local geo-level and the carrier of the acceleration, angle, and angular velocity. The measurement accuracy of INS determines the 
attitude control effect. The high precision F120HC interferometric fiber optic gyro is selected as the angular velocity sensor of INS, 
constant drift is ≤ 0.003∘ ⁄h, which produces a horizontal attitude error of 2.5 × 10− 5 rad in undamped state. The quartz flexible 
accelerometer was selected as the accelerometer sensor of INS, zero bias is ≤ 0.02 mg, it also produces a horizontal attitude error of 2.0 
× 10− 5 rad in undamped state. In combination with GPS antenna and receiver, INS estimates and compensates the measurement error 
through Kalman filter to improve the navigation accuracy. 

The control system of the ISP is mainly composed of power supply system, main control unit, drive unit, torque motor, frame and 
INS, as shown in Fig. 4. The main components of the main control unit include microcontroller chip STM32F429 of ST Company. The 
main control unit outputs analog signals to the drive unit, and the drive unit uses PWM amplifier to generate DC linear voltage to 
control the torque motor rotation. The DC torque motor in the frame can control the rotation of frame at a very low speed, and the 

Fig. 3. Structure diagram of inertially stabilized platform.  

Fig. 4. The schematic of platform attitude control system.  
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motor is in a blocked state, so the locked-torque of motor is greater than the moment of inertia of the frame. The models of two motors 
are 180LYX50 and 250LYX45, the corresponding peak locked-rotor moment is 25 N m and 65 N m. The motor shape is hollow 
structure, easy to thread and install. 

3. Control parameter design and simulation 

3.1. Parameter design 

In order to realize the high precision attitude angle, the relevant parameters in the controller are designed and simulated. The block 
diagram of the torque motor control principle is shown in Fig. 5. In the figure, the equivalent control model of the DC motor is in the 
dotted box, Cm is the torque coefficient of the torque motor, Ce is the back-electromotive force coefficient of the torque motor, Ea is the 
back-electromotive force of armature, La is the armature inductance of armature, Ra is the armature resistance of armature, Jp is the 
total moment of inertia of the frame and the probe of gravimeter, Md is the output torque of the torque motor, Mf is the disturbance 
torque on the frame, θ is the attitude angle of the frame, ω is the angular velocity of the frame. Kc is the open-loop gain, Uc is voltage 
output of the controller, Gc(s) is the controller transfer function, θ* is the local geographic horizontal attitude angle from INS. 

Firstly, we simplify the motor model. Assuming the external interference is 0, the transfer function between the output of the motor 
and the control voltage is Formula (4), 

Fig. 5. The equivalent control diagram of DC torque motor.  

Fig. 6. The equivalent control diagram of DC torque motor.  

* Funded by the National Natural Science Foundation of China (Grant No. 51905482). 
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θ(s)
Uc(s)

=
1/Ce

s(Tms + 1)(Tes + 1)
(4)  

where, Tm is electrical time constant,Te is mechanical time constant. Then, assuming the control voltage is 0, the transfer function 
between the output of the motor and the interference torque is Formula (5), 

θ(s)
Mf (s)

= −
Ra

CeCms(Tms + 1)
(5) 

The simplified motor model is open-loop structure, which is shown as in Fig. 6(a). The control system is organized into a unit 
negative-feedback structure, which is shown as in Fig. 6(b), which combines the open-loop gain and the corrector transfer function. 

The three transfer functions in the forward channel are shown in Formula (6)(7)(8), 

G1(s)=
Ra/CeCm

s(Tms + 1)
(6)  

G2(s)=
Cm/Ra

(Tes + 1)
(7)  

G3(s)=KcGc(s) (8) 

From Fig. 6(b), the input of the control system is the set angle and interference torque of the platform, the output is the actual angle 
of the platform. In order to effectively suppress the influence of interference torque and improve the accuracy of the following the set 
angle, we deduce closed-loop transfer functions of angle following and interference suppression respectively which is shown in For-
mula (9)(10), 

θ(s)
θ∗(s)

=
G1(s)G2(s)G3(s)

1 + G1(s)G2(s)G3(s)
(9)  

θ(s)
Mf (s)

=
− G1(s)

1 + G1(s)G2(s)G3(s)
(10) 

According to the final-value theorem in the principle of automatic control, the stiffness coefficient is defined as ks which is Formula 
(11), 

Fig. 7. Comparison chart of open-loop frequency response curve of rolling frame system between before and after correction.  
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ks = lim
s→0

Mf (s)
α(s) =

Kc ·Cm

Ra
(11) 

Taking the roll frame as an example for analysis, according to the measurement requirements of the cold atomic gravimeter, the 
maximum disturbance torque is set at 3.92 N⋅m, and the angle variation range is at 4.85 × 10− 5 rad, the value of ks is 8.1 × 104 N m 
rad− 1, in addition, the Cm is 7.64 N m A− 1 and Ra is 22.67Ω. Then the open-loop gain Kc is calculated to be 2.4503 × 105. 

If the open-loop gain is used directly into the control system, the close-loop system is unstable. So we use traditional lead-lag 
correctors which is shown as Formula (12) to make the system stable. 

Gc(s)=
(a1s + 1)(a2s + 1)
(b1s + 1)(b2s + 1)

(12)  

3.2. Control system simulation 

The simulation is used to verify that the parameters of the corrector can meet the stability requirements of the system, such as the 
open-loop bode diagram, the steady-state error of angle following, and the dynamic response of disturbance torque. 

Taking the roll frame as an example. The calibrator parameters were chosen as a1 = 0.0015, a2 = 0, b1 = 0.00009, b2 = 0, La = 43.8 
mH, Ce = 7.64V.(rad/s)− 1 and JP = 7.5 kg m2. The amplitude-frequency and phase-frequency characteristics curves of the open-loop 
transfer function before and after correction is shown in Fig. 7(a)(b), the solid blue line is the curve after correction, and the dashed 
brown line is the curve before correction. 

It can be seen that the system is unstable before correction, after correction the system has a phase angle margin of 40.2◦ in Fig. 7(b) 
and an amplitude margin of 16.5 dB in Figure(a), which meets the stability requirements. 

Then we analyze the steady-state error of the system. The motor parameters, calibration parameters, open-loop gain are brought 

Fig. 8. The result of steady-state error simulation on unit step response.  

Fig. 9. Response curve of restraining disturbance torque of corrected system of rolling frame.  
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into the close-loop transfer function such as Formula (9), the input is a unit step response, the response curve is shown in Fig. 8(a). It 
can be seen that the response curve has an overshoot of 40 % and a regulation time of 50 ms, the steady-state error curve is shown in 
Fig. 8(b). 

Finally, we analyze the dynamic response of interference torque, the parameters are also brought into the close-loop transfer 
function such as Formula (10). The input is a step signal of 3.92 N m, the response curve is shown in Fig. 9, with a regulation time of 30 
ms and an attitude change amplitude of 1.23 × 10− 5 rad. 

The simulation results show that the amount of overshoot is sacrificed to speed up the adjustment time, and the overshoot of the 
angle following is large. The stabilization loop is able to accurately follow the local geographical level solved by the correction loop, 
the curve of interference moment suppression is smooth, and the stabilization loop can effectively suppress the interference moment 
and keep the attitude stable to meet the measurement requirements of the atomic gravimeter. 

4. Experiment 

To investigate the working performance of the inertially stabilized platform, a set of dynamic absolute gravity measurement system 
was composed by the cold atomic gravimeter and the inertially stabilized platform, and the static vertical vibration performance of the 
platform was evaluated, and absolute gravity measurement experiments were carried out under ship mooring and under navigation in 
the Yellow Sea. 

4.1. Vertical vibration test 

When the platform is in operation, the stabilization loop generates a small angular acceleration during the adjustment process, the 
projection of which in the vertical direction is equivalent to a vertical vibration. Consequently, the effect of operating the inertially 
stabilized platform on vertical vibration is first assessed, as shown in Fig. 10(a). In the experiment, the vacuum probe was rigidly 
connected to the inertial stabilization platform and then rested on the laboratory floor with shock absorbers during the night (when 
there was little human activity).The test instrument uses a seismometer (Güralp 3ESPC) as a vibration sensor with an effective 
bandwidth of 0.017–100Hz, a sensitivity of approximately 2000 Vm− 1s− 1 and a noise floor below NLNM (New Low Noise Model) [38]. 
Fig. 9(b) shows the test results. 

The blue curve in Fig. 10(b) shows the vibration power spectrum at ground level, which mainly reflects the environmental vibration 
information at the measurement site, and the red power spectrum is the power spectrum when the platform is operating, which in-
cludes the vertical vibration information when the motor is operating. From the figure it can be seen that the vibration noise generated 
by the operation of the platform is mainly concentrated in the range 0.5Hz–20Hz. The sensitivity of atomic gravimetry is mainly 
limited by vibrational noise [39], which impacts the measurement sensitivity of atomic interferometry by affecting the stability of the 
Raman light phase. The transfer function of vibration noise can be expressed as Formula (13) [40]: 

Ha(ω)=
4 sin

(
ωT
2

)2

(ωT)2 (13)  

where ω is the angular frequency of the vibration and T is the Raman pulse interval. 
Taking T = 55 ms,we can calculate the effect of environmental vibration on the gravimeter as 71.162 μGal/Hz1/2 and the effect of 

vibration on the gravimeter as 101.8327 μGal/Hz1/2 during regular operation of the platform. 

Fig. 10. Comparison experiment of vertical vibration test of platform.  
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4.2. Shipboard experiment 

Our group conducted absolute gravity measurement experiments at Zhoushan under ship mooring conditions [29], and the results 
showed that the platform was able to meet the requirements for static absolute gravity measurements on board. Subsequently, absolute 
gravity measurement experiments were carried out in the Yellow Sea for long-distance ocean voyages, as shown in Fig. 11. 

We selected one of the navigation data of 36 h to compare the attitude of the hull with that of the ISP, and the comparison curves are 
shown in Fig. 12(a)(b). Fig. 12(a) shows the pitch and roll attitude data of the hull, and the maximum peak-to-peak value of the attitude 
angle of the hull reaches 0.2 rad. 

The stability accuracy curve of the ISP is shown in Fig. 12(b) and the statistical results of mean and standard deviation are shown in 
Table 1. The standard deviation of both the pitch and roll is less than 4 × 10− 5 rad, which meets the requirements of dynamic absolute 
gravity measurement for the angle of attitude. The reason for the non-zero mean value is the artificially set angle value to compensate 
for the installation error of the Raman light mirror. 

The platform attitude curve in Fig. 12(b) shows a step caused by a solution error in the INS during the course change. The standard 
deviation of the platform attitude when the research vessel is travelling in a straight line meets the measurement requirements of the 
Cold Atomic Gravimeter. 

Fig. 11. The photo of hoisting dynamic absolute gravimetry system.  

Fig. 12. Comparison of attitude data from boat and platform.  

Table 1 
Statistical results of platform attitude data during navigation.  

Platform attitude data Roll angle/rad Pitch angle/rad 

Average 0.017 6.32 × 10− 4 

Standard deviation 3.84 × 10− 5 3.32 × 10− 5  
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Then we select the absolute gravity measurement data obtained in one section of the straight round-trip route, subtract the absolute 
gravity value from the reference value 9.7934 m/s2, as shown in red dots and blue dots point in Fig. 13(b), where the speed of ship on 
round-trip sailing is shown in Fig. 13(a), and the curve of the two sets of absolute gravity data after the corrected Coriolis effect is 
shown in red line and blue line in Fig. 13(b). After filtering, the gravity value curve measured on this line is shown in green line in 
Fig. 13(b), and its standard deviation is 1.4 mGal. The results show that ISP provides a high-precision horizontal attitude for dynamic 
absolute gravity measurement. 

However, the current atomic gravimeter and inertially stabilized platform are too bulky and massive, making the process of transfer 
and assembly difficult. In the future, work will focus on developing a portable cold atomic gravimeter and a miniaturized inertially 
stabilized platform, reducing the size of the gravity probe, and combining the inertial navigation assembly with the gravity probe for 
attitude control, as shown in Figure (14). 

5. Conclusion 

Based on the measurement principle of cold atomic absolute gravimeter, this paper designs a high precision two-axis inertially 
stabilized platform for cold atomic absolute gravimeter and evaluates the stage vertical vibration noise. The effect of the vibration 
noise caused by the regular operation of the platform on the gravimetric measurement is 101.8327 μGal/Hz1/2. Subsequently, a Yellow 
Sea navigation cruise test was conducted and the cruise attitude data showed that the platform had an attitude standard deviation of 
≤4 × 10− 5 rad, and The standard deviation of the absolute gravity value of the linear round-trip measurement is 1.4 mGal, and the 
result achieves the expected goal of the dynamic measurement. The ISP is able to provide reliable attitude accuracy for dynamic 
absolute gravity measurements when the heading was held constant. 
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