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MEASUREMENT OF THE CENTER OFGRAVITY OFAWATER
BASED UAV BASED ON THE TWO-POINT SUSPENSION
METHOD

ShuHang Peng*, Hang Zhang
Wuhan R&D Center, China Special Vehicle Research Institute, Wuhan 430070, Hubei, China.
Corresponding Author: ShuHang Peng, Email: pengsh006@avic.com

Abstract: Addressing the limitations of traditional jack suspension methods, which are unsuitable for water based UAV
without landing gear, and the challenges of obtaining the center of gravity height position of water based UAV using
the two-point suspension method, this paper proposes reading the force sensor readings at two suspension points under
different small pitch angles and simplifying the torque equation through coordinate transformations. Based on this, the
optimal estimates of the center of gravity position are calculated using the Fermat method and the least squares method,
respectively. The results indicate that, while maintaining the same experimental costs and operational difficulty, the
method proposed in this paper reduces experimental errors and improves the effectiveness and accuracy of center of
gravity calculations for UAVs.
Keywords: Two-point suspension method; Water based UAV; Coordinate transformation; Fermat's method; Least
squares method

1 INTRODUCTION

In the design process of unmanned aerial vehicles (UAVs), the center of gravity (COG) is a critical focus for designers
[1-2], spanning the entire research, development, production, testing, and operational phases [3-7]. Due to various
unfavorable factors such as theoretical weight errors during design, manufacturing errors in parts production, and
assembly errors during final assembly, the actual center of gravity position of an UAV often deviates from the designed
center of gravity position after it rolls off the production line. However, the center of gravity position has a significant
impact on flight control program development, flight safety, and quality [8-13]. Therefore, the center of gravity must be
calculated and calibrated before UAV test flights and delivery. Currently, commonly used methods for calculating the
center of gravity of aircraft include the jack measurement method and the suspension method [4]. The hull of a water
based UAV consists of the upper hull above the waterline and the lower hull below the waterline, with the lower hull
having a “V”-shaped cross-section. The jack measurement method cannot be directly applied, so the suspension method
is generally used to calculate the weight center of gravity of water based UAVs.
This paper employs the two-point suspension method to obtain force sensor readings at different pitch angles, simplifies
the torque equation by changing the reference frame, and uses different fitting methods to calculate the optimal estimate
of the center of gravity position. It explores a low-cost, easy-to-operate method for calculating the center of gravity of
unmanned aerial vehicles and processing experimental data.

2 CALCULATION PRINCIPLES AND ERROR CORRECTION

2.1 Calculation Principle of Center of Gravity Calculation Method

As shown in Figure 1, this is the force situation of the UAV in the absolute coordinate system ggg yOx when the pitch
angle is (in the situation shown in the figure, the pitch angle is positive, so 0 ).

Figure 1 Force Diagram of the UAV



Shuhang Peng & Hang Zhang

Volume 3, Issue 3, Pp 1-8, 2025

2

In Figure 1, 1F and 2F represent the readings of the tension gauges at the front and rear suspension points,
respectively. W represents the weight of the UAV, L represents the distance between the front and rear suspension
points,  represents the angle between the line connecting the front and rear suspension points and the aircraft's
centerline, 1L and 2L represent the distances from the front and rear suspension points on the suspension line to the

line of gravity, respectively. In an absolute coordinate system ggg yOx , the equilibrium equation can be expressed as:
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In equation (1), the weight of the UAV is taken as the average value of N times horizontal measurements:
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According to equation (1), we can conclude that:
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From equation (3), we can determine the position of the center of gravity on the fuselage axis, but we cannot determine
its position in terms of fuselage height.
To further determine the position of the center of gravity in terms of fuselage height, multiple sets of data can be
measured under various pitch angles, and the equations can be solved simultaneously. However, directly setting up
equations in the absolute coordinate system ggg yOx results in nonlinear terms. To simplify the equations for easier
solution, the reference frame can be transformed into a fixed reference frame centered at the front suspension point on
the fuselage, as shown in Figure 2. The �-axis of this reference frame coincide with the line connecting the suspension
points pointing backward, and the �-axis is perpendicular to the �-axis pointing upward. Let the coordinates of the
originO of the suspension point coordinate system xOy in the absolute coordinate system ggg yOx be  GOGO yx , ,

then the coordinate transformation rule between the absolute coordinate system ggg yOx and the suspension point

coordinate system xOy is:
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Figure 2 Diagram of Suspension Point Coordinate System

Figure 3 shows the force conditions of the UAV during two measurements in the suspension point coordinate system.
When the suspension point coordinate system is used as the stationary reference system, the UAV remains stationary in
the suspension point coordinate system when the aircraft pitch angle  is changed, while the angle  between the
direction of the tension gauge and the �-axis of the suspension point coordinate system changes with the pitch angle .
Their relationship is as follows:

  90 (5)
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Figure 3 Force Conditions on the UAV during Two Measurements in the Suspension Point Coordinate System

Similarly to equation (3), the following relationship can be written:
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Furthermore, as can be seen from Figure 3, in the suspension point coordinate system, since the UAV remains
stationary relative to the suspension point coordinate system, the position of the center of gravity at each measurement
is independent of the pitch angle at that time, i.e., the gravity lines obtained from each measurement intersect at the
same point, and that point is the center of gravity.
Based on Figure 3 and Equation (6), the intercepts ib and jb of the gravity lines on the �-axis at the two measurement
times are:
















W
LF

b

W
LF

b

j
j

i
i

,2

,2

(7)

From Figure 2, we can see that the slopes of the two gravity lines measured are iik tan and jjk tan , respectively.
Therefore, we can write the linear equations of the two gravity lines:
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Solving the system of equations (8), we obtain the coordinates  CC yx , of the center of gravity in the suspension point
coordinate system as:
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Substituting equation (9) into equation (4) yields the coordinates  GCGC yx ,, , of the center of gravity in the absolute
coordinate system:
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2.2 Correction of Raw Data

During the experiment, the UAV was suspended from a gantry frame by two suspension cables. Ideally, the two cables
should be parallel to each other and perpendicular to the ground. However, during the actual experiment, due to changes
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in the UAV's pitch angle, the horizontal distance between the two suspension points on the UAV also underwent minor
changes, causing the two cables to neither be parallel to each other nor perpendicular to the ground. However, the angle
deviation between the cables and the vertical direction was ignored in the aforementioned calculations. The current
revision addresses the impact of the deviation angle of the suspension cables on experimental results when the pitch
angle is non-zero.
When the UAV is at a non-zero pitch angle, its force diagram in the absolute coordinate system is shown in Figure 4. In
Figure 4, i indicates the deviation angle between iF and the vertical direction at this time.

Figure 4 Force Diagram of a UAV at a Non-Zero Pitch Angle

Based on the force diagram, the equilibrium equation can be listed as follows:
When the pitch angle is taken as 0°, substitute the measuredW into equation (11).:
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Then, calculate using the corrected original data 222111 cos,cos  FFFF yy  and substitute it into equations (9) and
(10).

3 EXPERIMENTAL DATA PROCESSING METHODS

If a total of N pitch angles are selected for weighing, a total of 2
NC equations similar to Equation (8) can be

obtained. Solving these equations yields 2
NC sample points, which are denoted as    2,1,, Nkk Ckyx  . Due to the

existence of errors, these 2
NC sample points do not coincide.

3.1 Calculating the Estimated Center of Gravity Position using the Feynman Method

Let the true value of the center of gravity coordinates be  00, yx , and the distance from the k th sample point to the
center of gravity be:
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2
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The sum of the distances from each sample point to the center of gravity is:
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According to Fermat's principle, the value of  00 ˆ,ˆ yx that minimizes 1D is considered to be the best estimate of
 00, yx . Take the second-order partial derivative of the function  001 , yxD in equation (14):
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The critical point discriminant of  001 , yxD can be written from equation (15) as:
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According to Cauchy's inequality, equation (16) is always less than 0. Considering that the second derivative is always
greater than 0, the minimum value of  001 , yxD is obtained at the zero point of the first partial derivative.
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Perform an identity transformation on (17):
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Equation (18) satisfies the typical form of general iterative methods and can be rewritten as the following iterative
equation:
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Select appropriate initial value     0
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0
0 , yx and control accuracy  . When the accuracy requirements
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1
0 ,  pp yx is considered to be the optimal

estimated coordinate in the suspension point coordinate system.

3.2 Calculating the Estimated Center of Gravity Position Using the Least Squares Method

From equation (13), the distance from the k th sample point to the center of gravity is
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2

000, kkk yyxxyxd  . The sum of the squares of the distances from each sample point to the center of
gravity is:
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According to the principle of least squares, the value of  00 ˆ,ˆ yx that minimizes 2D is considered to be the best

estimate of  00, yx . Calculate the second-order partial derivative of the function  002 , yxD in equation (20):
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Obviously, the discriminant of the extreme point of �2 �0, �0 is negative and the two second-order partial
derivatives are greater than 0, then the zero point of the first-order derivative is the minimum point of the original
function. Let:
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It can be seen that under the least squares criterion, the optimal estimate of the center of gravity is the arithmetic mean
of each sample point:
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4 PRACTICAL APPLICATIONS AND EXAMPLES

In the center of gravity calculation experiment for a certain type of surface unmanned aerial vehicle, the readings of the
front suspension point force gauge 1F and rear suspension point force gauge 2F were taken within a pitch angle
range of -3.0° to 3.0°, with readings recorded every 0.5°, resulting in N = 13 sets of data. Three experiments were
conducted, and the average values obtained are shown in Table 1.

Table 1Weight Record Table
Item 1 2 3 4 5 6 7 8 9 10 11 12 14
� ° -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

�1 � 0.639 0.64 0.642 0.643 0.643 0.645 0.645 0.646 0.648 0.649 0.652 0.653 0.639
�2 � 0.365 0.364 0.362 0.359 0.358 0.356 0.355 0.354 0.353 0.352 0.352 0.351 0.365

Based on the 13 sets of data in Table 1, 782
13 C sample points    78,1,, kyx kk can be obtained using Equation

(9).
Using the Fermat method to process the coordinate data of the 78 sample points, the estimated coordinates of the center
of gravity in the suspension point coordinate system are obtained as 0x̂ = 1226.670 mm and 0ŷ = -560.231 mm.
Substituting these estimated values into Equation (10), the estimated coordinates of the center of gravity in the absolute
coordinate system are obtained as GCx ,ˆ = 2413.913 mm and GCy ,ˆ = -67.594 mm.
Using the least squares method to process the coordinate data of the 78 sample points, the estimated coordinates of the
center of gravity in the suspension point coordinate system are obtained as 0x̂ = 1227.668 mm and 0ŷ = -545.851 mm.
Substituting these estimated values into equation (10), the estimated coordinates of the center of gravity in the absolute
coordinate system are obtained as GCx ,ˆ = 2412.494 mm and GCy ,ˆ = -53.249 mm.
Comparing the results of the two calculation methods, the estimated results for the horizontal coordinate show a small
difference of 0.13% MAC, indicating good agreement; the estimated results for the vertical coordinate differ by 1.31%
MAC, showing a larger difference compared to the horizontal coordinate.
The data in Table 1 is corrected according to 222111 cos,cos  FFFF yy  , the results are shown in Table 2:

Table 2 Corrected Weight Data
Item 1 2 3 4 5 6 7 8 9 10 11 12 14

α ° -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
F1y W 0.638 0.639 0.641 0.642 0.643 0.644 0.645 0.646 0.647 0.649 0.651 0.652 0.653
F2y W 0.362 0.361 0.359 0.359 0.357 0.356 0.355 0.354 0.353 0.351 0.349 0.348 0.347
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Using the data from Table 2 in the calculation, the following results are obtained:
Using the Fermat method, the estimated coordinates of the center of gravity in the suspension point coordinate system
are 0x̂ =1234.385 mm and 0ŷ =-513.925 mm; in the absolute coordinate system, the estimated values are

GCx ,ˆ =2413.782 mm and GCy ,ˆ =-20.650 mm.
Using the least squares method, the estimated coordinates of the center of gravity in the suspension point coordinate
system are 0x̂ =1234.192 mm and 0ŷ =-515.465 mm; in the absolute coordinate system, the estimated values are

GCx ,ˆ =2413.850 mm and GCy ,ˆ =-22.200 mm.
After data correction, comparing the estimated values from the two calculation methods, the horizontal coordinate
difference is 0.02% MAC, and the vertical coordinate difference is 0.14% MAC.
As shown in Table 3, the following are the calculated results of the center of gravity estimated values before and after
data correction:

Table 3 Calculation Results of Center of Gravity Estimates Before and After Data Correction
Coordinate Fermat's method Least squares method Difference

Before correction
���,� mm 2413.913 2412.494 0.13%MAC

���,� mm -67.594 -53.249 1.31%MAC

After correction
���,� mm 2413.782 2413.850 0.02%MAC

���,� mm -20.650 -22.200 0.14%MAC

Comparing the data in Table 3, there is no significant difference between the two methods in terms of the horizontal
coordinate values, but there is a large difference in the vertical coordinate values. At the same time, it was found that
the difference between the estimated values calculated based on the corrected data is smaller than the difference
between the coordinate estimates calculated based on the original data. That is, based on the corrected data, the two
different methods produce better agreement in terms of the estimated center of gravity position. In addition, the
variances of the sample point coordinates before and after correction were calculated separately, and the results are
shown in Table 4:

Table 4 Variance of Sample Point Coordinates Before and After Data Correction
Horizontal coordinate variance

�2 � mm2
Vertical coordinate variance

�2 � mm2

Before correction 969.047 32733.618
After correction 231.718 7547.947

As can be seen from Table 4, the variance of the x and y coordinates of the corrected sample points has been optimized
compared to the uncorrected values. The improved agreement between the two methods and the reduced variance of the
sample point coordinates indicate that the correction method proposed in this paper has improved data quality and
computational accuracy.

5 CONCLUSION

This paper is based on the two-point suspension method. At different pitch angles of the UAV, multiple sets of data are
measured and recorded, then corrected. After converting the coordinate system, the torque equation is derived and
solved. The estimated values of the UAV's center of gravity axial position and height position can be calculated using
the Fermat method or the least squares method. The results show that the error in the center of gravity estimates
obtained using different methods can be as low as 0.1% MAC.
With the increasing civilian development of China's maritime areas and changes in the maritime situation in recent
years, the prospects for surface UAVs are becoming increasingly broad, and production will also grow accordingly.
Weight and center of gravity measurement is a necessary process before and after the design, manufacturing, use, and
maintenance of surface UAVs. The weight and center of gravity measurement method proposed in this paper has a clear
and straightforward principle, a simple calculation process, easy weighing operations, low experimental costs, and high
calculation accuracy. It has significant practical value and guiding significance for the weight and center of gravity
measurement work of water based UAVs.

COMPETING INTERESTS

The authors have no relevant financial or non-financial interests to disclose.

REFERENCES



Shuhang Peng & Hang Zhang

Volume 3, Issue 3, Pp 1-8, 2025

8

[1] Wang Gang, Hu Yu, Song Bifeng. Optimal design of tailless UAV considering uncertainty of center of gravity
position. Acta Aeronautica Sinica, 2015, 36(07): 2214-2224.

[2] Nursultan I, Sumil S, Dogan K, et al. Design, development and experimental validation of a lightweight dual-arm
aerial manipulator with a COG balancing mechanism. Mechatronics, 2022(82): 102719.

[3] Feng Dongyun. Application of aircraft weighing equipment in aviation maintenance. Measurement and Testing,
2011(Supplement): 250-251.

[4] Jiang Dianxiang, Liu Zhuo, Lin Ziping. Research on the measurement method of aircraft weight and center of
gravity. Trainer Aircraft, 2011(3).

[5] Raymer D. Aircraft Design,A Conceptual Approach. AIAA Education, 2014, 9(1): 78．
[6] Darvishpoor S, Roshanian J, Raissi A, et al. Configurations, flight mechanisms, and applications of unmanned

aerial systems: A review. Progress in Aerospace Sciences, 2020(121): 100694.
[7] Aakif M, Asif I, Ahmad Y. Application specific drone simulators: Recent advances and challenges. Simulation

Modelling Practice and Theory, 2019(94): 100-117.
[8] Huang Wei. A brief discussion on the impact of aircraft weight balance on flight safety. China Science and

Technology Expo, 2015(037): 343.
[9] Li Wenqiang, Zhang Zhengji. Current status and development trend of aircraft weight and center of gravity

measurement technology. Weighing Instrument, 2016, 45(4): 8-11.
[10] Dai Shilong. Aircraft weight and center of gravity measurement. Heilongjiang Science and Technology

Information, 2013(7): 95.
[11] Liu Bin. Application and development of aircraft weight and center of gravity measurement technology. Aviation

Maintenance and Engineering, 2004(1): 53-57.
[12] Jing S, Guangtong X, Zhu W, et al. Safe flight corridor constrained sequential convex programming for efficient

trajectory generation of fixed-wing UAVs. Chinese Journal of Aeronautics, 2025(38): 103174.
[13] Lingling C, Qi L, Feng G, et al. Design, modeling, and control of morphing aircraft: A review. Chinese Journal of

Aeronautics, 2022(35): 220-246.



World Journal of Engineering Research
Print ISSN: 2959-9865
Online ISSN: 2959-9873
DOI: https://doi.org/10.61784/wjer3033

© By the Author(s) 2025, under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0).

ENGINEERING ESTIMATION METHOD FOR HELIUM
VOLUME IN TETHEREDAEROSTATS

YuFan Xie
AVIC Special Vehicle Research Institute, Jingmen 448001, Hubei, China.
Corresponding Email: 815199892@qq.com

Abstract: Addressing the engineering need for precise estimation of helium volume within the envelope of tethered
aerostats during station-keeping, and to overcome the increased errors of traditional methods in complex environments,
a high-precision and practical engineering estimation method is proposed through the construction of a multi-factor
coupling model. Firstly, for single influencing factors, two helium volume estimation methods are presented: one based
on ground temperature variations and another on atmospheric parameter changes. Further, considering multiple
influencing factors during aerial tethering, a multi-factor coupling computational model is developed. This involves
simplifying the force model of the tethered aerostat and establishing force balance equations to correlate helium volume
with measurable parameters such as wind speed and temperature. Additionally, a wind speed-tension fitting relationship
is proposed to correct wind disturbance errors. Validation against field test data demonstrates that the estimation error
of this helium volume method is within 5%. The proposed engineering estimation method provides reliable technical
support for managing envelope helium volume during the long-term station-keeping of tethered aerostats, exhibiting
significant practical application value.
Keywords: Helium volume; Multi-factor coupling; Engineering estimation; Experimental verification

1 INTRODUCTION

Tethered aerostats are lighter-than-air vehicles constrained by a tether, typically comprising an envelope, a tether cable,
and ground-based mooring facilities[1][2]. They achieve lift by being filled with a buoyant gas (lighter than ambient
air). Lacking a propulsion system, they remain aloft via a tether connected to ground facilities[3]. With technological
advancements, helium has largely replaced hydrogen as the buoyant gas, extending station-keeping duration, enhancing
payload capacity and economic efficiency. Consequently, tethered aerostats are increasingly deployed for applications
such as Earth observation, early warning and detection, communication relay, disaster prevention and mitigation,
environmental monitoring, and network coverage in both civil and military domains, becoming a focus of development
for many nations[4][6].
The envelope, a critical component, houses the helium whose volume determines the aerostat's buoyancy performance.
During station-keeping, the helium volume continuously fluctuates due to the influence of surrounding atmospheric
temperature, pressure, and other factors. Furthermore, as deployment scenarios expand[7][9]—spanning plains,
plateaus, oceans, and diverse latitudes, longitudes, and altitudes—accurately estimating the in-envelope helium volume
based on actual measurement parameters becomes crucial for optimal operational performance. This study investigates
helium volume estimation methods, providing a reference for engineering applications.

2 HELIUM VOLUME ESTIMATION METHODS BASED ON SINGLE FACTOR ANALYSIS

2.1 Method Based on Ground Temperature Variation

Assuming constant ground atmospheric pressure, the ideal gas law dictates that helium volume ( heV ) is proportional to
ground temperature (T). Thus, volume increases with rising temperature and decreases with falling temperature. This
yields Equation 1:

*
*he he
TV V
T

 (1)

Where:
*T is the atmospheric temperature at the initial ground state;
T is the atmospheric temperature at the real-time or future ground state;

*
heV is the helium volume at the initial ground state;

heV is the helium volume at the real-time or future ground state.
Given initial ground temperature and helium volume, Equation 1 estimates volume under temperature changes. This
method aids in predicting if the ballonet volume reaches its limit during cooling, informing helium replenishment
operations.



YuFan Xie

Volume 3, Issue 3, Pp 9-18, 2025

10

Comparisons between helium volumes calculated using this ground-temperature-based method and the ground test data,
along with error curves, are shown in Figure 1 and Figure 2. The results indicate minor discrepancies, validating the
method's high precision for ground-level helium volume estimation.

Figure 1 Comparison of Estimated Helium Volume Data and Test Data

Figure 2 Helium Volume Estimation Error Curve

2.2 Method Based on Atmospheric Parameter Variation

During actual aerostat ascent and recovery, atmospheric temperature and pressure change significantly with altitude
compared to the ground-moored state, substantially impacting helium volume. Based on the ideal gas law and standard
atmospheric models, expressions for atmospheric temperature and pressure at different altitudes are given by Equation 2
and Equation 3. Considering the combined effect of pressure and temperature on volume, the expression for helium
volume at different altitudes is derived as Equation 4:

0T T L H   (2)
5 5.25588

0 (1 2.25577 10 )P P H     (3)

* 0

0
he he

PT
V V

PT
 (4)

Where:
P is the atmospheric pressure at the current state;
T is the atmospheric temperature at the current state;
P0 is the atmospheric pressure at the initial altitude state;
T0 is the atmospheric temperature at the initial altitude state;
L is the temperature lapse rate, typically -0.0065 K/m;
H is the altitude.
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2.3 Comparison and Analysis of the Two Estimation Methods

Both methods were used to estimate helium volume during actual ascent, and results were compared against test data.
Method 1 used measured ground temperature data at different times with Equation 1. Method 2 used Equation 2 and
Equation 3 to obtain atmospheric parameters at various ascent altitudes, then Equation 4 for volume estimation.
Comparisons of estimated results against actual helium volumes derived from measured ballonet fullness, along with
error curves, are shown in Figure 3 and Figure 4.

Figure 3 Comparison of Estimated Helium Volume Data and Test Data

Figure 4 Comparison of Helium Volume Estimation Error Curves

Figure 3 and Figure 4 show that both methods capture the overall trend of helium volume change during ascent.
However, estimation errors increase with altitude. Analysis suggests contributing factors include solar radiation heating
the envelope interior and inaccuracies in atmospheric temperature data at different altitudes.
Furthermore,Figure 4 indicates Method 1 exhibits higher precision than Method 2 during ascent. Analysis of the
atmospheric temperature comparison curve in Figure 5 reveals that Equation 2 predicts monotonically decreasing
temperature with altitude. In reality, at a fixed location, ambient temperature increases diurnally while simultaneously
decreasing with altitude gain during ascent. These opposing trends moderate actual envelope temperature changes.
Method 1 uses measured ground temperature data, whose temporal trend aligns better with the actual conditions
experienced during ascent, leading to smaller errors and higher precision.
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Figure 5 Comparison of Measured and Estimated Atmospheric Temperature Curves

The results and analysis above indicate that estimating helium volume during ascent requires considering both
altitude-induced changes in atmospheric parameters and diurnal temperature variations. Estimating atmospheric state
parameters under these multiple influences is challenging. Additionally, unknown helium leakage occurs during
long-term station-keeping. Therefore, a helium volume estimation method based on multi-factor analysis is urgently
needed.

3 HELIUM VOLUME ESTIMATION METHOD BASED ONMULTI-FACTOR ANALYSIS

3.1 Helium Volume Estimation Method Considering Multiple Factors

During station-keeping, environmental wind causes continuous changes in tether inclination angle, envelope pitch angle,
and trajectory, resulting in a complex overall force model. Considering factors like tether angle, wind speed, pitch angle,
and angle of attack, the force model is simplified.
The simplified force model is shown in Figure 6. In the tethered state, the envelope is in equilibrium under the action of:
upward buoyant force from helium (Fb), aerodynamic lift from fins (FL), structural weight (Gstruct), and tension at the
tether's upper end (T1).

Figure 6 Simplified Force Model of Tethered Aerostat

Analyzing these forces: T1 can be measured by onboard sensors; Gstruct is known; the aerodynamic lift coefficient CL is
determined during design, enabling calculation of FL. Therefore, the net buoyant force (Fnet) generated primarily by the
helium can be derived from the force balance Equation 5. As buoyancy is strongly related to helium volume, the volume
during station-keeping can be solved.

The force balance equation is:
net 1 struct LF T G F   (5)



Engineering estimation method for helium volume in tethered aerostats

Volume 3, Issue 3, Pp 9-18, 2025

13

Where:
Fnet represents the net buoyant force;
T1 represents the tension at the upper end of the tether;
Gstruct represents the structural weight;
FL represents the aerodynamic lift force.
The net buoyant force F_net is derived through Equation 5 to Equation 9, resulting in Equation 10 and Equation 11:

net air heF F G G   (6)

envairF V (7)

air heairG V (8)

side-env= ( )he heG V V 
气囊

(9)

net env side-env( )( )air heF V V    (10)

net ( )air he heF V   (11)
T1 is measurable. Gstruct is known. FL relates to wind speed (Vw) and the aerodynamic lift coefficient (CL), expressed as:

2
2 31

2L LF Pv V C   (12)

C_L depends on the angle of attack (α):
0.029 ( 0.53)LC    (13)

Deriving from Equation 5 to Equation 13, the expression for helium volume heV is:

 4.2558* 80.12492  1 0.0000225577 9.80665
air

H     (14)
*

*
airair

T
T

   (15)

* (1 )4 29
he

he air

c c
n n




    (16)

*
*

he he
T
T

   (17)

2
2 3

1 env

*
*

1 0.029 ( 0.53)
2

(1 )( 4 29)
air

he

he air

T G Pv V
V

c c T
n n T





     



    

结构

(18)

Where:
envV represents the envelope volume;

*
air

 represents the standard atmospheric density;

air represents the actual atmospheric density;
*

he
 represents the helium density at the ground-moored state;

he
 represents the helium density at the actual temperature;

*T represents the ground temperature;
T represents the actual temperature;
c represents the measured helium purity on the ground;
hen 、 airn represent the molar masses of helium and air, respectively.

This estimation method depends on factors such as helium purity, wind speed, upper tether tension, and atmospheric
pressure. During the aerial phase, upon measuring parameters like T1, helium volume can be estimated using Equation
18.

3.2 Correction of the Estimation Method Based on Experimental Data

Figure 7 to Figure 11 show that during station-keeping, the maximum environmental wind speed reached 10.7 m/s. As
per the derivation, wind speed affects aerodynamic lift (FL), and the upper tether tension (T1) fluctuates significantly
with wind speed. In reality, the balloon and tether undergo coupled motion; the tether constrains the balloon, so T1
increases with wind speed during gusts. Consequently, errors in T1 measurement due to wind effects cause significant
deviations in the estimated helium volume. Measuring tether state parameters during flight is difficult. Therefore,
establishing a relationship between wind speed and T1 is proposed to reduce errors induced by wind-affected tension
measurements and improve estimation accuracy.
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Figure 7 Measured Variation of Upper Tension during Station-Keeping

Figure 8 Measured Variation of Wind Speed during Station-Keeping

Figure 9 Measured Variation of Altitude during Station-Keeping
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Figure 10 Measured Variation of Atmospheric Temperature during Station-Keeping

Figure 11 Measured Variation of Ballonet Fullness Ratio during Station-Keeping

A wind speed-upper tension relationship is proposed for rapid estimation:
*

1 1T v T  (19)
Where:
 represents the rate of change of upper tension with wind speed;

*
1T represents the upper tension under windless conditions.

Fitting the equation to measured data yielded:
 ≈ 8 (units: force/wind speed, e.g., N/(m/s)

*
1T ≈ 2022.5 kg (force units implied)
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Figure 12 Wind Speed vs. Upper Tension Fitting Equation from Station-Keeping Data

Substituting Equation 19 into Equation 18 gives the corrected estimation formula:
2

2 3
1

*
*

1( ) 0.029 ( 0.53)
2

(1 )( 4 29)
air

struct env

he

he air

T v G Pv V
V

c c T
n n T

 



      



    

(20)

The estimated helium volumes using the corrected formula, compared against actual ascent test data, are shown in
Figure 13 and Figure 14. The figures show that the estimated values fluctuate within the range of the measured helium
volumes, consistent with test data variability. The estimation error remains within 5%, demonstrating that this
multi-factor helium volume estimation method achieves high precision for tethered aerostats during station-keeping.

Figure 13 Comparison of Corrected Helium Volume Estimates and Test Values
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Figure 14 Magnitude of Error between Corrected Estimates and Test Values

4 CONCLUSION

This study systematically investigates engineering methods to meet the requirement for precise estimation of envelope
helium volume in tethered aerostats during station-keeping. The main conclusions are as follows:
1.Single-factor methods (ground temperature and atmospheric parameters) were investigated. The
ground-temperature-based method proved highly accurate under ground-moored conditions, suitable for predicting
ballonet volume limits during cooling to inform helium replenishment. The atmospheric-parameter-based method
reflected volume trends during ascent, but its error increased significantly with altitude, primarily limited by
unaccounted factors like solar radiation heating and deviations in measured atmospheric parameters. Both methods
exhibit limited applicability in the complex dynamic environment of aerial tethering.
2.A high-precision helium volume estimation method suitable for aerial tethering was proposed. This method correlates
helium volume with real-time measurable key parameters (upper tether tension, wind speed, atmospheric temperature,
etc.) by simplifying the aerostat's force model and establishing force balance equations. Specifically, a wind
speed-tension fitting relationship was introduced to correct measurement errors in tension caused by wind disturbances.
Model correction and validation using field test data demonstrated significantly improved accuracy. The corrected
multi-factor coupling estimation method achieves errors within 5%, effectively overcoming the precision limitations of
single-factor methods in complex environments.
3.The proposed high-precision, practical multi-factor coupling helium volume estimation method provides reliable
technical support for real-time monitoring and management of envelope helium volume during long-term
station-keeping missions of tethered aerostats. It significantly enhances estimation accuracy and engineering
applicability in complex environments, holding substantial practical value. Future work could integrate intelligent
sensor networks and adaptive algorithms to optimize robustness and real-time performance under extreme or transient
meteorological conditions.
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Abstract: In this study, a novel damage evaluation method for concrete structures is introduced, which is based on the
rising rate of acoustic emission. This method leverages the fact that when a concrete structure is subjected to stress,
acoustic emissions increase, and the rate of this increase can be correlated with the extent of damage. To validate the
effectiveness of this proposed method, a seismic damage test was conducted on a frame shear wall structure, which is a
common and critical component in many building constructions. The results of the test clearly demonstrated that this
method can accurately evaluate the damage status of the structure. More importantly, it has the capability to effectively
locate areas where significant damage has occurred. This makes it a potentially valuable tool for post-disaster
assessment and structural health monitoring, as it can help engineers and inspectors quickly identify and prioritize areas
that require repair or further investigation. Overall, this study presents a promising approach to enhance the safety and
reliability of concrete structures in the face of seismic events.
Keywords: Concrete; Acoustic emission; Accumulative time parameter; Seismic damage; Power spectral density

1 INTRODUCTION

Acoustic emission describes the occurrence in which materials emit elastic waves when undergoing fracture. The AE
technique is capable of detecting the formation and development of microcracks within a structure. Structural damage is
primarily attributed to fracturing processes[1]. Therefore, the AE technology is widely applied in the non-destructive
testing and damage assessment of reinforced concrete structures. Currently, many scholars have proposed AE
assessment methods specifically for reinforced concrete structures. Ohtsu[2], JI proposed the AE rate theory, which is
used to evaluate the compressive strength of actual concrete structures[3]. Based on the Kaiser effect of concrete, the
Japanese Society for Non-Destructive Testing (JSNDI) has proposed a NDIS-2421 standard[4], which is used to assess
the damage condition of reinforced concrete structures[5]. In addition, there is another method derived from seismology
called the b-value theory[6], which is used to predict the entire process from the formation of micro-cracks to the
macroscopic expansion of cracks in concrete. Carpinteri extended the b-value theory and proposed a damage
assessment method based on the cumulative rate of acoustic emission events[7], which assesses the damage of concrete
structures according to the growth rate of acoustic emission events. Liu proposed a new b-value estimation procedure
and applied it to the expansion and rupture test[8]. The results confirmed that the b-value depends on the material's
in-homogeneity and stress.
Earthquake disasters are often one of the main factors causing damage to concrete structures. The aforementioned
method has not yet been applied to the assessment of damage in concrete structures that have been damaged by
earthquakes. This paper proposes a method for assessing the damage of concrete structures based on the cumulative
growth rate of acoustic emission events, and validates it using an earthquake damage test of a concrete frame-shear
structure.

2 THE PRINCIPLE OF CUMULATIVE TIME PARAMETER IN ACOUSTIC EMISSION

In concrete structures, the pulse wave released instantaneously upon the formation of a tiny crack is called an acoustic
emission event. The commonly used acoustic emission characteristic parameters include the number of acoustic
emission events, the acoustic emission rate, the cumulative acoustic emission energy, the number of acoustic emission
oscillations, the duration, and the rise time.
Among the methods for assessing damage in concrete structures using acoustic emission event statistics, the b-value
theory is the most representative. The b-value theory is proposed based on the following fact: for low-frequency
acoustic emission events, their amplitudes are usually relatively high, while for high-frequency acoustic emission events,
the amplitudes are generally low. Therefore, Richter calculated the slope of the amplitude distribution, that is, the
b-value, to statistically analyze the amplitude distribution pattern of acoustic emission events. The b-value is shown as
following

10log ( / 20)dBM a b A  (1)
In which, M represents the cumulative number of AE events where the peak amplitude of the signal (measured in dB) is
greater than AdB, a is a constant, and the value of b indicates the slope of the distribution of AE events with different
amplitudes.
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In the b-value theoretical analysis, both parameters a and b are time-dependent parameters. Therefore, the damage state
of the structure is expressed as the rate of increase in the number of AE events at a certain level. Equation (1) is
re-expressed in terms of the amplitude A0 in volts, and a cumulative time parameter βt for acoustic emission is
introduced as follows[8].

( ) ( )
0 0( , ) 10 ta t b tN A t A t    (2)

In the formula, N (≥A0,t) represents the cumulative number of AE events with an amplitude greater than A0. βt reflects
the rate of damage growth. As shown in Figure 1, βt = 1 serves as a critical value for damage: when βt < 1, the growth
rate of N is slow; when βt > 1, N increases sharply, the structural damage becomes severe, the bearing capacity is lost,
and the structure is in a state close to collapse. According to reference[7], the value of b can be approximately
calculated using the number of acoustic emission ringing events N*, so the time parameter βt of the amplitude
distribution can be approximately calculated using the acoustic emission ringing number.

Figure 1 The Illustration of βt with Three Conditions

3 ACOUSTIC EMISSION MONITORING EXPERIMENT OF CONCRETE STRUCTURES

This paper conducted an AE monitoring test on the seismic damage of a scaled-down reinforced concrete model to
verify the feasibility of using the cumulative time parameter of acoustic emission for the assessment of seismic damage
in concrete structures. The model was a 1/5-scale two-way double-span three-story reinforced concrete eccentric
frame-shear wall structure, as shown in Figure 2. The tensile reinforcement in the model was made of 3mm galvanized
iron wire, and 0.9mm galvanized iron wire was used as the stirrups. The reinforcing bars in the shear walls and slabs
were double-layer galvanized iron wire mesh with a diameter of 2mm and a spacing of 20mm. The structure was poured
with micro-particle concrete. The foundation base was cast with C30 concrete. The cross-sectional dimensions of the
columns were 80mm×80mm, the cross-section of the beams was 50mm×100mm, and the thickness of the slabs was
30mm.

Figure 2 The Dimensions of Model and the Distribution of PZT Sensors

The sensor layout is shown in Figure 2, with numbers E-1 to E-7. The AE sensor signals were collected using the
dSPACE system, with a sampling frequency of 10 kHz, and the acceleration in both the horizontal and vertical
directions of each layer was simultaneously measured. Figure 3 is a photo of the test model.
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Figure 3 The Experimental Photo

Simultaneous excitation in the horizontal direction (Y-axis) and the vertical direction (Z-axis) was carried out. The
north-south component and the vertical component of the El-Centro wave in 1940 were used as the seismic input for
this experiment. The input seismic wave conditions are shown in Table 1. A total of 13 sets of conditions were input,
and each condition had a different amplitude of the seismic wave.

Table 1 The Earthquake Waves List
earthquake wave EC-1 EC-2 EC-3 EC-4 EC-5 EC-6 EC-8 EC-9 EC-10 EC-11 EC-12 EC-13

peak value（g） 0.16 0.24 0.33 0.4 0.45 0.5 0.58 0.6 0.66 0.7 0.73 0.86

The data of acoustic emission and velocity sensors were simultaneously collected, and the cumulative ringing number
of the acoustic emission signal was calculated. The specific method was as follows: set the threshold voltage to 5 mV.
When the waveform of the acoustic emission signal passed the threshold voltage during the descending phase, the
ringing number was recorded.
The loading time and the cumulative acoustic emission ringing number were normalized, and using equation (2) as the
fitting target, the acoustic emission amplitude cumulative time parameter βt was calculated using the least squares
method. Figure 4 shows the normalized t-N* curve during the loading process of EC-11 and the βt calculated by the
least squares method. Among them, R-square is the determination coefficient of the fitting equation.

E-1 E-2 E-3 E-4

E-5 E-6 E-7

Figure 4 The t-N* Curve and βt during EC-11 Loading

It can be seen that the βt calculated from the acoustic emission signals of E-7, E-4, and E-1 is greater than 1, indicating
that during this loading process, the acoustic emission phenomena in the area near these three sensors have increased
sharply, and the damage is relatively severe. Figure 5 shows the cumulative ringing numbers of the acoustic emission
signals from E-1 to E-7 after all seismic wave loading is completed. Comparing the sensor signals at the bottom of the
structure, the cumulative ringing number of E-7 is the highest, followed by E-4, and E-1 has a relatively smaller number
of ringings. This is consistent with the results in Figure 4. It indicates that the bottom of the side columns has the most
severe damage, followed by the middle columns. In contrast, the bottom of the column connected to the shear wall has
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less damage. This is because the stiffness distribution along the X direction of the structure is uneven. The stiffness on
the shear wall side is larger while that on the side of the side columns is smaller, resulting in the deformation of the side
columns being greater than that of the shear wall. Therefore, the damage along the X direction becomes increasingly
severe. Figure 6 shows the damage photos near E-1, E-4, and E-7. From the figure, it can also be seen that there are
unpenetrating cracks near E-1, penetrating cracks at the bottom of E-4, and more than two penetrating cracks at E-7.
The results judged from the photos are consistent with the analysis.

Figure 5 The Total Acoustic Emission Count from E-1to E-7

Near E-1 Near E-4 Near E-7

Figure 6 The Damage Photo Near E-1, E-4 and E-7

4 CONCLUSION

This paper presents a damage assessment method for concrete structures under seismic loads based on the cumulative
time parameter of acoustic emission, and the feasibility of the method is verified through an earthquake damage
experiment of a concrete frame-shear structure. The results show that this method can effectively evaluate the damage
degree of concrete structures, and by using an acoustic emission sensor array, it can effectively detect the damaged
areas with larger damage.
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�)�L�J�X�U�H�� Data Experiment Visualization Results

As can be seen from Figure 4 Data Experiment Visualization Results, the average score fluctuates greatly and has a low
value in the early stage of training. This is because the agent hardly obtains positive rewards in the early exploration
stage. In the later stage, the average score rises and tends to stabilize, indicating that the agent has learned to implement
effective strategies, which shows that the policy gradient algorithm successfully enables the driverless car to learn high
- reward strategies. The policy loss fluctuates during training but generally tends to decrease, reflecting the
effectiveness of the algorithm. The success rate is nearly 100% with almost no fluctuation, indicating that the model
strategy is correct. The agent has good adaptability, can stably achieve the goal, and has a high degree of reliability and
generalization ability. The average number of steps fluctuates greatly with peak values in the early stage, and the
number of steps to complete the task is unstable. However, it decreases and stabilizes at a lower level in the later stage,
indicating that the agent has found a better action sequence and improves efficiency.
Here are the key metrics tracked from Table 3 Data Presentation: success rate, average steps per episode, average
reward, and individual episode rewards/steps:

�7�D�E�O�H�� Data Presentation

Success Rate Average Steps: Average Reward Rewards per epi
-sode Steps per episode

100.0% 18.2 -1.22 [-0.92,-0.89,-0.94,-1.05,-2.30'] [18, 18, 18, 18, 19]

�)�L�J�X�U�H�� Data Presentation
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