
Fig. 4 High-speed sampling component 

3.3 Signal transmission module 

The signal transmission module is divided into two parts: the synchronization module 

and the fiber optic transmission module. 

The synchronization module uses a 50Hz signal as a trigger to control the operation 

of the measurement and analysis software system. During testing, a 50Hz industrial 

frequency signal can be conveniently obtained on-site and fed into the circuit for 

processing, which then provides the circuit board with the trigger signal [19]. 
Internal synchronization refers to the use of an internal crystal oscillator within the 

device to achieve industrial frequency synchronization, with a frequency adjustable in 

the range of 20 to 300 Hz [20]. 

The external ports utilize 4 mm banana plugs to synchronize the phase with the PT 

secondary interface and other output devices. 

Fiber optic transmission modules typically consist of two components: the 
transmitter module and the receiver module. The transmitter module receives radio 

frequency (RF) signals from RF devices, such as antennas and radio transceivers, 

converts these signals into optical signals, and transmits them through fiber optic cables. 

Conversely, the receiver module receives the optical signals and converts them back 

into RF signals for use by RF devices at the receiving end. 

4. Case analysis 

4.1 Case introduction 

In August 2024, a Level 1 partial discharge alarm signal was generated by an online 

monitoring system at a certain GIL (gas-insulated line). Sensors 1# shown in Figure 5, 

are spaced 126.6 meters apart. The amplitudes detected by sensors 1# and 2# were -49.2 

dBm and -53 dBm, respectively, with the spectrum displaying characteristics indicative 
of discharge in the insulation gap. The left image depicts the PRPD (Phase Resolved 

Partial Discharge) spectrum detected by sensor 1#. 
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Fig. 5. Sensors 1# PRPD pattern 

4.2 Case analysis 

The signals from Sensor 1 and Sensor 2 are connected to Channel 1 and Channel 2 of a 

high-speed oscilloscope via 80-meter coaxial cables, utilizing a 20 dB preamplifier for 

signal amplification. Figure 6 presents the partial discharge waveforms detected by the 

high-speed oscilloscope. 

 
Fig. 6. Partial Discharge Trend Graph 

By conducting statistical calculations on dozens of pulses, the time difference 

between the two channels is approximately 44.77 ns. The calculation yields the 

following result: (126.6-44.77 0.3)/2 =56.5 m. This indicates that the partial discharge 

source is located between measurement points 1# and 2#, at a distance of approximately 
56.5 m from Sensor 1. 

During the return factory testing using the pulse current method for partial 

discharge, no abnormal signals were observed during the gradual voltage increase at 

lower voltages. When the voltage reached 318 kV, signals began to appear with strong 

phase correlation, and the measured partial discharge quantity was 1.5 pC. As the 

voltage increased to 381 kV, the signals became significantly stronger and more 
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distinctive, with the measured partial discharge quantity rising to 2.9 pC. The shape of 

the PRPD spectrum was largely consistent with the results from on-site testing. As the 

voltage continued to rise to 600 kV, the signals disappeared, and no further activity was 

detected even at the maximum voltage of 740 kV. 

5.  Conclusion 

This paper develops a high-precision, long vertical shaft GIL portable automatic 
localization device for partial discharge detection. The device is based on a single-

channel sampling rate of up to 20 GS/s and multi-channel adjustable sampling rates for 

ultra-high-frequency synchronous triggering and data acquisition. By utilizing an 

automatic threshold-triggered judgment algorithm and noise recognition algorithm, it 

can reliably capture the ultra-high-frequency raw pulse waveforms of intermittent partial 
discharge signals in GIL, achieving automatic localization with an accuracy of within 

10 cm. The synchronization of power frequency phase enables accurate statistics of 

Partial Discharge PRPS and cumulative PRPD. Even in situations where pulses are rare, 

the localization results can be confirmed through spectrum analysis to ensure they 

originate from partial discharge pulses, thus facilitating precise identification and 

localization of partial discharges in long vertical shaft GIL systems. 
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Illegal Sand Mining in Yangtze River 

Based on Deep Learning Algorithm 

Weijiang DONG1, Xi WEN, Siyuan LU, and Meihuan ZHANG 

School of Information Technology, Nanjing Police University, Nanjing 210023, China 

Abstract. This paper proposes an intelligent monitoring system of illegal sand 
mining ships in the Yangtze River based on deep learning algorithm. By 
combining the generative adversarial network (GAN) algorithm with the YOLOv8 
object detection technology, the system aims to effectively detect and monitor 
illegal sand mining ships [1]. The proposed system combines advanced image 
processing and target detection techniques to provide real-time monitoring and 
early warning for illegal sand mining ships. The results show that the system 
achieves high detection accuracy and has great potential in environmental 
protection and resource management. At the same time, the paper also explores the 
application of YOLOv8 in target trajectory analysis, which further enriches the 
function and practicability of the system. 

Key words: GAN; YOLOv8 algorithm; deep learning; target detection 

1 Introduction 

Sand is an essential natural resource, and its illegal extraction, particularly through 

sand mining, has become a growing environmental and societal concern. Illegal sand 

mining not only leads to severe ecological damage, but also threatens the structural 

integrity of riverbanks and bridges, posing safety risks to infrastructure. In regions such 

as the Yangtze River basin, illegal sand mining has escalated into a serious problem 

that requires immediate intervention and monitoring to prevent further ecological 

degradation and ensure the protection of critical infrastructure. 

Deep learning has shown great potential in various fields, including environmental 

monitoring. Deep learning-based object detection algorithms can accurately identify 

and locate objects in images, providing a powerful tool for environmental monitoring. 

Recently, the YOLO (You Only Look Once) series of algorithms have been widely 

used in target detection tasks due to their high detection speed and accuracy. At the 

same time, the generative adversarial network (GAN) is also applied to image 

generation and data enhancement, which can improve the performance of the target 

detection algorithm. 

The main goal of this study is to develop an intelligent monitoring system for 

detecting sand theft in the Yangtze River basin by integrating the GAN algorithm with 
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YOLOv8 target detection technology. This system aims to leverage the strengths of 

both approaches to improve detection accuracy, reduce false positives and negatives, 

and enhance the system's generalization ability across different conditions. The specific 

objectives of this study include: 

A. Design and implement an intelligent monitoring system architecture that 

integrates image acquisition, processing, and target detection [2]. 

B. Train and optimize the YOLOv8 model for detecting illegal sand mining in the 

Yangtze River basin. 

C. Use GAN-based data augmentation to improve the model's detection performance 

and generalization ability. 

D. Evaluate the performance of the proposed system and analyze its strengths and 

limitations. 

E. Explore the application of YOLOv8 in target trajectory analysis to provide more 

comprehensive information for monitoring illegal sand mining behavior. 

By combining these techniques, this research aims to contribute to the 

development of a more effective and reliable system for monitoring and combating 

illegal sand mining in the Yangtze River basin, ultimately helping to safeguard both the 

environment and critical infrastructure. 

2 Theorecital Principle 

2.1 Image Dehazing 

In our intelligent monitoring system of sand theft behavior in Yangtze River basin, 

GAN consists of generator and discriminator. The generator is typically built using 

Convolutional Neural Networks (CNNs), leveraging upsampling and convolutional 

layers to create high-resolution images from random noise. In this study, the generator's 

task is to produce synthetic images that include both real sand mining boats and the 

surrounding environmental background. These images may be generated from random 

noise or conditional inputs representing specific sand mining scenarios, with the output 

being similar in distribution to real images [3]. 

The discriminator is also built on a CNN architecture and is responsible for 

distinguishing whether the input image comes from the real dataset or is a synthetic 

image generated by the generator. The discriminator continuously optimizes its ability 

to recognize and precisely differentiate between real and fake images. Its output is a 

binary classification indicating whether the image is real or fake, and through the 

backpropagation process, it guides the generator's optimization. 

In terms of specific model architecture, the generator uses a Deep Convolutional 

Generative Adversarial Network (DCGAN), which not only generates high-quality 

images but also adapts well to changing environmental conditions. The discriminator 

uses a PatchGAN structure, which improves the accuracy and granularity of 

discrimination by evaluating small patches of the image rather than the entire image. 

The objective function of the GAN is a minimax game (Minimax Game). For both 

the generator and the discriminator, the objective function is: 

min
�

 max
�

 ���,�� =  ��~��������
[log�(�)] + ��~�����

[log(1 −�(��	�)]（1） 
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Figure 1. GAN Algorithm Principle 

 �������� is the real data distribution, �����is the random noise distribution, 

����is the judgment probability of the discriminant to the real data, ����is the data 

generated by the generator, and ������� is the judgment probability of the 

discriminant to the generated data. This objective function leads the generator to 

continuously generate more realistic images, and the discriminator is also constantly 

improving its discrimination ability. Finally, the generated image can well simulate the 

real sand theft scene in Yangtze River Basin and provide more data samples for 

subsequent target detection [4]. 

The training process of GAN is based on minimizing the difference between the 

generated images and the real images. In our monitoring system, by constantly 

adjusting the parameters of the generator and the discriminant, the generated image is 

getting closer and closer to the real Yangtze River basin scene. The objective function 

is usually defined as a binary cross-entropy loss function, used to measure the 

similarity between the real image and the generated image distribution. This loss 

function can help us to evaluate the performance of the generators and discriminators 

and guide their training process. 

GAN has many strengths in our program. First, it is able to generate high-quality 

synthetic images that can increase our training dataset and improve the generalization 

ability of the model. For example, we can use GAN to generate images of sand stealing 

scenes in Yangtze River basin under different light conditions and weather conditions, 

so that the model can learn more changes, so as to better deal with various situations in 

the actual monitoring. Second, GAN has the potential to improve the performance of 

other machine learning algorithms, and in our system, it can be combined with the 

YOLOv8 target detection technology to improve the detection accuracy of 

sand-stealing behavior.  

2.2  Object detection 

YOLOv8 Is a single-stage target detection algorithm, which uses a single neural 

network to predict the bounding box and category probability of objects in an image in 
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our intelligent monitoring system of sand stealing behavior in Yangtze River Basin. The 

architecture of YOLOv8 includes the backbone network for feature extraction and a 

detection head for target prediction. The backbone network is responsible for extracting 

features from the input Yangtze River watershed images that contain information about 

possible sand-stealing activities and objects. The detection head predicts the bounding 

box and category probability of objects according on these features, so as to determine 

whether there is sand stealing activity and related objects in the image [5].
 

YOLOv8 not only performs well in target detection, but also has potential 

application in target trajectory analysis. By detecting and tracking targets in 

consecutive frames, the movement trajectory of targets can be constructed to provide 

more comprehensive information for the monitoring of sand-stealing behavior. For 

example, the trajectory of the sand boat can be analyzed to determine whether it is 

active in the illegal sand mining area and whether there is sand theft. In addition, target 

trajectory analysis can also help us understand the patterns and trends of sand stealing 

activities and provide a basis for developing effective regulatory strategies. 

 

Figure 2. YOLOv8 Network Architecture Diagram 

2.3 The Combination of GAN and YOLOv8 Models 

To improve the detection accuracy of illegal sand dredging vessels, a combination of 

Generative Adversarial Networks (GAN) [6] and the YOLOv8 object detection model 

was used. First, data augmentation was performed by generating synthetic images using 

GAN to enhance the training dateset. By generating synthetic images of sand mining 

scenes, the dateset was expanded to include various weather conditions, lighting, and 

types of vessels. This approach allows the YOLOv8 model to learn more diverse 

features, improving its ability to detect sand mining activities in different scenarios. 

The GAN-generated synthetic images were then added to the YOLOv8 training dateset, 

enhancing the model's generalization capability. The model can detect illegal dredging 

vessels and other relevant objects, outputting corresponding bounding boxes and class 

probabilities [7]. 

The images generated by GAN not only provided YOLOv8 with diverse training 

data but also improved its robustness in real-world scenarios by enhancing data variety. 

By combining GAN with YOLOv8, the model's generalization ability was enhanced. 

Through the use of GAN to generate diverse images, [8] YOLOv8 learned more types 
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of illegal sand dredging activity features, maintaining high accuracy in different 

environments. Additionally, the synthetic data generated by GAN enriched the training 

set, preventing YOLOv8 from over fitting due to insufficient data during training. 

2.4 Experimental Results and Analysis 

This project uses the deep learning framework PyTorch for experimental training. In 

terms of hardware configuration, the GPU is RTX 4090 (24GB), and the CPU is 22 

vCPU AMD EPYC 7T83 64-Core Processor. In this training, the epoch was 750, batch 

size was set to 8, IOU threshold was set to 0.7, and image size was set to 640. The 

training environment configuration is shown in Table 1. 

Table 1. Experimental training environment configuration 

project model 

operating system Ubuntu 18.04.6 

programming language Python 3.8.10 

CPU 22 vCPU AMD EPYC 7T83 64-Core 

Processor 

GPU RTX 4090 

GPU memory 24GB 

frame PyTorch 

2.4.1 experimental result 

Precision, Recall, and mAP were used as evaluation indicators to evaluate the 

performance of our improved model. 

The confusion matrix is an important tool for evaluating the classification model 

performance, as shown in Table 2. 

Table 2. Experimental evaluation indicators 

 Positive (Positive 

prediction result) 

Negative (Prediction result is 

reverse) 

True (positive sample) TP FN 

False (Back example) FP TN 

Where TP (True Positive) is the true example, refers to the number of target being 

correctly detected; FN (False Negative) is the false reverse example, the number of 

target being detected as background; FP (False Positive) is the false positive case, the 

number of background being detected as a target; TN (True Negative) is the true 

reverse example, and the number of background being correctly detected. 

By analyzing the four key elements in the confusion matrix, the precision, recall, 

accuracy, F1 value and other algorithms can be calculated. 
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Accuracy: the ratio of the number of correct model predictions to the total number 

of samples, formula (2): 


���
��� =
	�
	�

	�
��
	�
��
 （2） 

Recall: represents the proportion of the model correctly predicting positive 

samples, namely formula (3): 

������ =
	�

	�
��
 （3） 

Precision: represents the proportion of true examples in the sample with predicted 

positive examples, namely formula (4): 

�
������� =
	�

	�
��
 （4） 

F1: Combining accuracy and recall, namely formula (5): 

�
 =
�×���������×������

���������
������
 （5） 

AP: Only the accuracy and recall rate to judge the model is too one-sided, and the 

comprehensive index AP is used to measure the detection performance of the model, 

that is, formula (6): 


� = � �(�)�




�
（6） 

mAP: used to detect the mean value of the target accuracy value AP, the larger the 

mAP value, the better the comprehensive performance of the algorithm, namely 

formula (7): 

�
� =



�
∑ 
�

��
 �� （7） 

2.4.2  Evaluation of experimental results 

2.4.2.1 convergence analysis 

The convergence curve refers to the curve where the model performance index changes 

with the increase of training times during training. Usually, as the number of training 

times increases, the performance of the model will gradually improve until a stable 

state is reached. During training, the convergence curve can be drawn by monitoring 

the performance metrics of the model on the training and validation sets. Common 

performance indicators include loss function, accuracy, precision, recall and so on. By 

observing the convergence curve, we can judge whether the model has converged, and 

whether there are problems such as overfitting or underfitting. However, after our 

model is trained many times, the convergence curve has leveled off, indicating that the 

model has converged, and the training purpose of the model can be stopped, as shown 

in Figure 3. 
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Figure 3. YOLOv8n the convergence curve on the dateset 

2.4.2.2 Classification accuracy assessment 

In a confusion matrix, the rows represent the predicted categories by the model, and the 

columns represent the true categories of the data. Through the confusion matrix, we can 

intuitively see the model's prediction accuracy across different categories and identify 

the types of errors made. Ideally, a classification model will show higher values along 

the diagonal, indicating that the model is accurately classifying data points into the 

correct categories. Values off the diagonal represent the proportion of misclassifications. 

During our model training process, through multiple iterations and optimizations, we 

achieved a stable confusion matrix. The model demonstrated a high prediction accuracy, 

performing well in identifying "sand stealing boats" and "ordinary boats," with an 

accuracy rate of 93% for each. The results of the confusion matrix are shown in Figure 

4 [9]. 

 

Figure 4. YOLOv8n the confusion matrix generated on the dataset 

2.4.2.3 mAP trace analysis 

The precision-recall curves curve is a two-dimensional curve with precision as the 

ordinate and recall as the abscissa, called the P-R curve. This figure is drawn by the 

corresponding precision and recall at different thresholds. Accuracy, precision and 

recall are a pair of contradictory indexes. It is impossible to make both indexes 

particularly high, while one side is high, and the other side index is low. The area    
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enclosed by the P-R curve is the AP value, and usually, the better a detector, the higher 

the AP value. And in general, the more the P-R curve is to the right, with the left curve, 

the right one is a better detector. Figure 5 shows a confidence level above 0.96 with 

very good accuracy. 

 

Figure 5. P-R curves and the mAP plots 

The precision rate refers to the proportion of the positive category sample that is 

really a positive category, and the formula is: 

�	
��
��� �
��

���	�
 （8） 

2.4.2.4 Comparison of experimental results 

Before we found that the direct use of YOLO8 algorithm and conventional defogging 

means to identify illegal boats had the disadvantages of instability and lack of accuracy, 

we adopted the initially proposed method of adding generative adversarial network to 

the head of the backbone network to conduct experimental training and detection on the 

data set, and the results are shown in the figure below. 

Figure 6. Convergence curve 
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 Figure 7. Confusion matrix        Figure 8. P-R curves and the mAP plots 

Through the comparison of two experimental results, it can be found directly in 

the backbone network head to join the generative against network as illegal boat 

identification error, and using our improved GAN algorithm and then through the 

YOLOv8 algorithm is obviously more accurate, the accuracy of illegal boat 

identification has significantly improved. 

Display of the experimental training results 

The experiment confirmed that the YOLOv8 model has good detection and 

identification ability for both types of boats, and the detection and identification results 

of the training part of this experiment are shown in Figure 9. 

 

Figure 9. Part of the test identification results 

3 SYSTEM DESIGN 

3.1 Dataset 

3.1.1 Hardware components (camera, sensor, etc.) 

The intelligent monitoring system used for sand theft in the Yangtze River basin 

consists of hardware components such as cameras, sensors and communication 

equipment. Cameras are used to capture images of the watershed, which are distributed 

in key locations in the Yangtze River watershed and can fully cover areas where sand 

theft may occur. Sensors are used to detect environmental parameters such as water 

level and flow rate, which can assist in determining whether sand theft has an impact 
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on the ecological environment of the basin. The communication device is used to 

transfer captured images and sensor data to a central server for processing. 

3.1.2 Software module (image processing, object detection, etc.) 

The software modules of the system include image processing, target detection, and 

data analysis. The image processing module is responsible for the pre-processing of the 

captured images, such as noise reduction and enhancement. The target detection 

module uses the YOLOv8 model to detect sand-stealing activity and objects in the 

image. The data analysis module analyzes the detected data and generates reports and 

alerts. 

3.2 System functional structure 

3.2.1 Images and sensor data were collected from the Yangtze River 

The system uses cameras and sensors to collect images and sensor data from the 

Yangtze River basin. Images were taken at fixed time intervals and transmitted to a 

central server for processing. Sensor data includes water level, flow rate and other 

environmental parameters to assist sand theft detection. For example, if there are 

abnormal changes in the water level and flow rate, it may mean that sand theft occurs. 

3.2.2 Data cleaning and normalization techniques 

The collected data were preprocessed using the data cleaning and normalization 

techniques. Data cleaning involves removing noise and outliers from the image and 

sensor data. For example, remove abnormal image data due to weather reasons or 

equipment failure. Normalization is used to scale the data to a common range to 

improve the performance of the target detection algorithm. 

3.3 System interface design 

3.3.1 YOLOv8 Model training and fine-tuning 

The YOLOv8 model was trained using a large image dataset containing sand-stealing 

activities and objects. This dataset includes images taken from the Yangtze River basin 

as well as synthetic images generated through GAN. The training process involves 

optimizing the model parameters to minimize the loss function. Fine-tuning to adapt 

the model to specific characteristics of the Yangtze River basin, such as different light 

conditions, weather conditions and land forms. 

3.3.2 Detection of sand-stealing activities and objects 

The trained YOLOv8 model was used to detect sand-stealing activity and objects in 

images captured by the camera. The model outputs the bounding box and category 

probabilities of detected objects that can be used to identify and track sand stealing 

activity. For example, when a sand boat or sand mining equipment is detected, the 

system can issue an alarm and record relevant information. 
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3.4 Data enhancement and improvement based on GAN 

3.4.1 Generate the synthetic images used for the training 

Generate the synthetic images used to train the YOLOv8 model using GAN. The 

resulting images were added to the original training dataset to increase the diversity and 

size of the dataset. This can improve the generalization ability of the model and reduce 

the overfitting. For example, we can use GAN to generate images of sand-stealing 

scenes at different angles and under different conditions of illumination, so that the 

model can learn more changes. 

3.4.2 Improve the detection performance and the generalization capability 

Using GAN-based data augmentation can improve the detection performance and 

generalization capability of the YOLOv8 model. By generating synthetic images 

similar to real data, the model can learn more robust features and improve the ability to 

detect sand-stealing activity in different scenarios. 

 
Figure 10. Simple project flow char 

3.5 Construction of the visual platform system 

To better display monitoring results and facilitate user operations, a visualization 

platform system has been constructed. [10] The platform presents real-time images 

captured by cameras, detected sand theft activities and the positions of objects, along 

with relevant statistical data. Users can use this platform to set parameters, query data, 

and handle alerts [11]. 
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Figure 11. Visual interface 

4 Application Case 

4.1 Application Background 

With the increasing illegal sand mining activities in the Yangtze River Basin, ecological 

damage and infrastructure safety risks have become more pronounced. Illegal sand 

mining not only threatens the ecological balance of water bodies but also poses a 

potential risk to the stability of bridges, dams, and other infrastructures along the 

riverbanks. Therefore, timely monitoring and detection of illegal sand mining activities 

have become an urgent need for environmental protection and resource management. 

This intelligent monitoring system, based on YOLOv8 object detection technology 

and Generative Adversarial Networks (GAN) for data augmentation, can effectively 

monitor illegal sand mining vessels in the Yangtze River Basin, improving 

environmental supervision capabilities. The following case study demonstrates the 

effectiveness of the system in real-world applications within the Yangtze River Basin. 

4.2 System Deployment and Real-Time Monitoring 

Location: Key waterway of the Yangtze River, middle and lower reaches 

Period: May 2024 to August 2024 

For this case study, we selected typical water areas in the middle and lower reaches 

of the Yangtze River and deployed monitoring equipment with high-definition cameras 

and environmental sensors. The cameras capture images of the waterway, which are 

then transmitted to a central server for processing. The sensors monitor real-time 

environmental data such as water levels and flow speeds. The system uses YOLOv8 for 

real-time object detection of sand mining vessels and combines the synthetic images 

generated by GAN to enhance the training dateset, thereby improving the system's 

ability to detect sand mining activities under different environmental and weather 

conditions. 
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4.3 System Performance 

Over the three months of actual monitoring, the system achieved the following 

remarkable results across multiple monitoring points in the Yangtze River Basin: 

4.3.1 Real-Time Monitoring and Alerts 

The system can automatically identify illegal sand mining vessels as they enter the 

monitoring area and send an alarm. Based on YOLOv8 object detection, the system 

categorizes the vessels and distinguishes between normal and mining vessels. Once a 

mining vessel is detected, the system generates relevant information and sends alerts to 

regulatory authorities. 

4.3.2 High Accuracy and Low False-Positive Rate 

By using GAN to augment the dateset, the detection accuracy of YOLOv8 improved 

significantly. During actual monitoring, the system achieved an accuracy rate of 93% 

and a recall rate of 91%. This indicates that the use of GAN for data augmentation 

significantly enhanced the system’s generalization ability, especially in challenging 

environmental conditions such as fog or low light. 

4.3.3 Trajectory Analysis of Targets 

The system not only identifies individual illegal mining activities but also tracks the 

movement trajectories of mining vessels over consecutive frames. For instance, in one 

of the monitoring points, the system detected a mining vessel moving along the river 

and performed trajectory analysis, revealing that the vessel repeatedly entered the same 

water area, which confirmed its involvement in illegal sand mining. This provided 

regulatory authorities with timely intervention clues. 

4.3.4 Enhanced Environmental Adaptability 

The GAN-generated synthetic images, including different weather conditions, water 

levels, and vessel types, helped the system adapt to various real-world environments. 

For example, during low-light conditions, the synthetic image samples assisted the 

model in handling the lighting changes encountered in long-duration monitoring. 

5 Conclusion 

This application case demonstrates the effectiveness of the intelligent monitoring 

system based on YOLOv8 and GAN for detecting illegal sand mining activities in the 

Yangtze River Basin. The system provides high-precision detection capabilities for 

illegal sand mining, while trajectory analysis and data augmentation enhance its 

adaptability and generalization ability. In the future, as technology continues to develop, 

this system will play a significant role in broader environmental protection and 

resource management. 
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Abstract.   With the rapid advancement of technology, robotic arms have played a 
significant role in enhancing production efficiency. Considering the highly 
nonlinear and strongly coupled characteristics of the dynamic equations of loading 
and unloading robotic arms, this study proposes a trajectory tracking strategy based 
on inversion control. Firstly, to simplify the design of the controller, the complex 
robotic arm model is decoupled into two independent subsystems. Then, using the 
inversion control strategy, control laws are designed for these two subsystems 
separately. Simulation results verify that the control laws based on inversion control 
ensure system stability and accurately track the trajectory, achieving the expected 
dynamic performance requirements. 

Keywords. packaging manipulator; strong coupling; backstepping control; 
trajectory tracking 

1. Introduction 

Robotic arms, also known as robot arms, are highly automated and programmable tools 

widely used in industrial, medical, service, and research fields. Researching robotic arms 

not only helps advance automation technology and elevate the level of industrial 

automation but also aids in developing new applications such as disaster relief and 

complex surgeries, thereby expanding the functionalities and enhancing the intelligence 
level of robotic arms [1-3]. 

Inversion control, or inverse system control, involves designing controllers by 

reverse engineering the system's model[4]. However, inversion control is highly 

sensitive to model inaccuracies and external disturbances, necessitating effective 

compensation and adjustments to mitigate these adverse factors during implementation 

[5]. In reference [6], the issues encountered between the platform and the robotic arm are 
addressed by employing a combination of backstepping and sliding mode control, which 

improves stability and response to uncertainties. In reference [7], to address the issues of 

input vibrations and model limitations, a disturbance observer (DO) was designed to 

estimate system disturbances, and the idea of inverse control was integrated to improve 

the sliding mode control algorithm. In reference [8],  proposed nonlinear feedback robot 
controller integrates the dynamics of both the robot manipulator and the joint motor. 

The research, grounded in a comprehensive review of the literature, tackles the 

complexity and high coupling in flexible robotic arms used for loading and unloading by 
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splitting the dynamic model into two independent subsystems, each governed by an 

inverse control-based law. The system's exponential convergence is confirmed through 

the application of Lyapunov stability theory, and numerical simulations further illustrate

that this control strategy substantially improves the robustness and accuracy of the 

system.

2. Problem description

2.1. Dynamic model of loading and unloading manipulator

The rotation angle of the car body is influenced by the driving torque of the right wheel 

and the resistance torque of the left wheel. This can be explained by the principle of 

moment balance

v r lI D l D l� � �rD lrrD lD l                                                                                             (1)  

According to Newton's law, (1) can be further written as:

r lM D D� � �rD D� DD                                                                                                 (2)     

Where, vI represents the moment of inertia of the loading and unloading robotic arm 

around its center of mass, lD and rD represent the torque on the left and right sides of 

the robotic arm, respectively.� is the pose angle of the robotic arm, l is the distance 

from the left and right wheels to the center of mass of the robotic arm, and M represents 

the mass.

Based on the above, the dynamic characteristics of the left and right wheels can be 

further described as follows:

w i i i iI c ku rD� �� � �i i ii ikiiii kuki ic                                                                                                  (3)     

For the left wheel, represented as i l� , the equation is w l l l lI c ku rD� �� � �l l ll lkll ccll kukul lc , and for 

the right wheel, represented as i r� , the equation is w r r r rI c ku rD� �� � �r r rc kur rrr ccrr kukuc . Here, 

wI is the moment of inertia of the wheel, k represents the drive gain, � is the angular 

rotation of the robotic arm, r is the radius of the robotic arm around its center of gravity, 

c is the viscous friction coefficient, and iu is the drive input.

2.2. Dynamic model conversion

According to literature[9], the kinematics principle of loading and unloading manipulator 

can be obtained:

1

2

r� �� �
�                                                                                                          (4)     

1

2

rl � �� �
� 1

2

r� �r� �                                                                                                          (5)     

The relationship between , , i� � � variables can be obtained from (5).
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� � �


� �r lr

1 � �1 l1

r �r                                                                                                          (6)  

  From the formula (3), it can be further concluded that
2

w i i i iI r cr kru r D� �� � �i i iki iii crcrii krurui icr                                                                                                          (7)     

Then
2

1 1 1 1( ) ( ) ( ) ( )w r r r rI r cr kr u u r D D� � � �� � � � � � �r r1 11 11) ( ) (11) ( ) (1) (11 ) (1) () () (1
                               (8)

From the formula (6), it can be further that

1

1

( ) 2

( ) 2

r

r

r

r

� � �

� � ��

� �

� �

��
	



1) 21r �) 21)1

1)1r ) �) 21))1

1r

�
                                                                                                         (9)  

  Then
2

1 12 2 ( ) ( )w r rI c kr u u r D D� �� � � � �2222222                                                          (10)

Substituting the formula (2) into the formula (10) can be obtained.
2

12 2 ( )w rI c kr u u Mr� � �� � � � 2

1)1r( M2 ( ) �2)1( Mr2 ( )(2 1((22 ( )2 (2 ( )(2 ( 1                                                                   (11)

Then

12 2

2
( )

( 2 ) 2
r

w w

c kr u u
Mr I Mr I

� �� � � �
� �2( 22

�
22

From the formula (1) and (3), it can be further that
2 2

1( )v rI r D D r l� � �r((((                                                                                        (12)

w r r r rI c ku rD� �� � �r r rc kur rrr ccrr kuuc                                                                                          (13)

1 1 1 1wI c ku rD� �� � �1 1 1k1 1�1 cc1 kuu1 1c                                                                                          (14)

Substituting (12) and (14) into the above formula, you can get
2

12 2 ( )w v rI l l I r cl l krl u u� � �� � � � � � �v r(((((vv 2222 2 (22222 2 (((2222
                                                   (15)

2

12 2 2 2

2
( )

2 2
r

v w v w

cl krl u u
I r I l I r I l

� �� � � �
� �2

22cl krl2

I 2 2 22 22 22
� �

2 2

2cl
I 2 22

�
2

�
2 22 22

                                              (16)

Define the state variables as
T

x � � �
 �� � �
T
������� , the drive control inputs as

� �1

T
ru u u� ,and the output variables as � �Ty � �� .Then, from equation (16), we can 

derive:

x Ax Bu
y Cx
� ��

	 �


x Ax BAxAx
                                                                                                    (17)

1

2

0 0

0 0 1

0 0

a
A

a


 �
� �� � �
� �� �

, 

1 1

2 2

0 0

b b
B

b b


 �
� �� � �
� ��� �

,
1 0 0

0 1 0
C 
 �
� � �
� �

1 2

2

2 w

ca
Mr I

� �
�

,

2

2 2 2

2

2v w

cla
I r I l

� �
�

, 1 2 2 w

krb
Mr I

�
�

, 2 2 22v w

krlb
I r I l

�
�

J. Jin and L. Shen / Research on Trajectory Tracking of Robotic Arm Based on Inversion Control810



3. Controller design and analysis

In this section, the complexity and nonlinearity in the dynamic system can be effectively 

managed and compensated by using the inverse controller, and the required control 

results can be achieved by performing mathematical inverse operation on the dynamics 

of the system, thus improving the stability and accuracy.

First, decoupling is performed:

1

1

1 1

0 1

r

r

u u
u u

�
 � 
 �
 �
�� � � �� �
� �� � � �

                                                                                                        (18)     

Then

1 2

2

r

l

u u u
u u
� ��

	 �

                                                                                                         (19)  

Substituting equation (19) into equation (17) results in two independent subsystems, 

as shown below:

1 1 1a bu� �� �1 1a b1� 1a1aa1                                                                                                                (20)

2 2 1 2 22a b u b u
� �

� �
� �
	

� � �


� �

2 b� 2a2a ba2

                                                                                                               (21)

Control laws are then designed separately for the two independent subsystems (20) 

and (21). Let us assume the ideal linear speed dv ,and the speed error is:

e d� � �� �                                                                                                                (22)

Define the Lyapunov function as:

21

2
eV ��                                                                                                                    (23)

Then

1 1 1( )

e e

e d

V
a b u

� �
� � �

�

� � �
eV � �e� e�

11d 11

                                                                                                               (24)

The control law for (20) is as follows:

1 1 1a bu� �� �1 1b1� 1a1a1                                                                                                                (25)

Then 
2

1 12eV c CV�� � � �1 e
2V c 2

11

2cc and 12( ) (0)C tV t e V�� .

For equation (21), assuming an ideal angular velocity d� , the error is

1 dz � �� �                                                                                                                  (26)

Introduce a virtual control variable

1 2 1 dc z� �� � � d�dd                                                                                                                  (27)

Where, 
2c is a non-negative constant. To ensure system stability, the Lyapunov function 

is defined as:
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2 2

1 2

1 1

2 2
V z z� �                                                                                                                  (28)

Deriving equation (28) results in:

1 2 2

2

1 2 2 1 2 2 2 1 2 2 2 1( 2 )d

V V z z

z z c z z a b u b u c z� �

� �

� � � � � � �
1 2V V z z1 22V1 2z

1 �111 )d�
                                        (29)

This leads to the control law for equation (21):

2 2 2 1 2 1 1 3 2

2

1
( )

2
du a b u c z z c z

b
� �� � � � � �11111 1111                                                     (30)

Thus,
2 2

2 1 3 2 2 mV c z c z C V� � � � �2

2 1V c z2

2 1c z2

2 1
                                                                                 (31)

Where, 
2

( ) (0)mC tV t e V�� , ensuring exponential stability of the system.

4. Numerical simulation

The controlled object is selected as described by equation (17), with parameters 

1 0.05a � � ,
2 0.1a � � ,

1 0.25b � ,
2 0.6b � . The ideal linear speed is 1.0dv � , and 

the ideal angular command is sind t� � . The control laws used are from equations (25) 

and (30). Below are some of the simulation results:

Figure 1. Speed tracking and angle tracking change diagram

Figure 1 shows the tracking of speed and angle, where the red solid line represents 

the preset commands, and the blue dashed line represents the actual tracking results of 

speed and angle. As seen in Figure 1, under the controller's influence, the system can 
accurately track the prescribed commands. Figure 2 displays the control input response 

curves for the left and right wheels, from which the stability of the system output can be 

observed.

J. Jin and L. Shen / Research on Trajectory Tracking of Robotic Arm Based on Inversion Control812



 

             Figure 2. The response of left and right wheel control input 

5. Conclusion 

This study investigates the control difficulties in dynamic, integrated robotic arms used 

for loading and unloading, applying an inverse control approach. By breaking down a 

complex system into simpler subsystems with dedicated controllers, we significantly 
reduced design complexity. Simulations validated the efficacy of our method, and 

forthcoming research aims to tackle control input saturation to improve both the real-

world utility and robustness of the system. 
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Abstract. This article aims to provide a comprehensive overview of the current state 
of standardization in the energy industry, with a specific focus on pipeline 
transportation systems. It includes an examination of global pipeline projects 
relevant to low-carbon energy. The article also references existing standards 
established by various organizations and countries to address these issues. Based on 
direct involvement, the authors discuss the structural changes occurring within the 
technical committee of the International Organization for Standardization (ISO) 
Technical Committee 67 "Oil and gas industries including lower carbon energy" in 
the context of the energy transition. The conclusions drawn highlight key areas for 

research and development of regulations in the low-carbon energy sector to support 
the energy transition. The characteristics of carbon dioxide and hydrogen pipeline 
transportation are examined in the context of conventional oil and gas pipeline 
operations, along with their potential repurposing in light of the energy transition. 

Keywords. International standardization, energy transition, low-carbon energy, 
pipeline transportation, hydrogen, carbon dioxide 

1.  Introduction 

One of the UN goals of sustainable development to be reached by 2030 is to ensure 
access to clean and affordable energy, which is key to the development of agriculture, 

business, communications, education, health care and transportation [1]. 

The oil and gas industry is dedicated to bolstering resilience and tackling the urgent 

sustainability challenges facing the world. It is assuming an increasingly pivotal role in 

addressing issues related to climate change, environmental impact, as well as human 

health and safety. 
The central theme of the plenary meeting of ISO Technical Committee 67, "Oil and 

Gas Industries, including Lower Carbon Energy," held on October 19-20, 2023, was the 

anticipated transformations in the energy sector over the next decade and their 

implications for standardization within the oil and gas industry. 

The path along which the technical committee 67 has been moving in order to stick 
to the energy transition agenda is described below. 

Following the plenary meeting of the technical committee, held in October 2020, it 

was proposed to change the name of the committee from “Materials, equipment and 
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offshore structures for petroleum, petrochemical and natural gas industries” to “Oil and 

gas industries including lower carbon energy”. After extensive discussion in a specially 

established advisory group, in September 2021, following a vote of national standards 

bodies, this decision was adopted by a majority vote and finally the ISO Technical 

Council approved this change at its meeting in Geneva on 13-14 June 2022. 

In addition to the name of the technical committee, the official scope of the standards 
was also clarified, which now reads: Standardization in the field of the oil and gas 

industry, including petrochemical and lower carbon energy activities. Excluded: 

—aspects related to the Petroleum and related products, fuels and lubricants from 

natural or synthetic sources being covered in ISO/TC 28; 

—aspects related to Natural gas being covered in ISO/TC 193; 
—aspects related to hydrogen technologies being covered in ISO/TC 197; 

—aspects related to biogas being covered in ISO/TC 255; 

—aspects related to Carbon dioxide capture, transportation, and geological storage 

being covered by ISO/TC 265; 

—aspects of offshore structures subject to IMO requirements (ISO/TC 8). 

The current organizational structure of the ISO TC 67 has been illustrated in Figure 1. 

 

Figure 1. Organizational structure of the ISO TC 67 

Contemporary evidence demonstrates that standardization is a potent mechanism for 

enhancing safety and productivity, as well as promoting economic efficiency and 

innovation. In order to further contribute to the attainment of sustainable development 

objectives, standards should incorporate measures aimed at reducing adverse 

environmental effects and optimizing resource utilization across the entire life cycle, 

while upholding quality and safety. 

It is well known that hydrogen energy, as well as issues of carbon dioxide emissions, 

are regulated in the International Standardization System by the relevant technical 

committees – TC 197 “Hydrogen technologies”, ISO/TC 207/SC 7 “Greenhouse gas and 

climate change management and related activities”, TC 265 “Carbon dioxide capture, 

transportation, and geological storage”, as well as some other ISO and IEC committees 

and subcommittees. ISO TC 67 maintains and develops liaisons with these 

subcommittees in order to harmonize the standards being developed and avoid 

duplication. Nevertheless, in order to fully meet the challenges of the energy transition 

C. Qin et al. / Pipeline Standardization Issues: Reflecting Technological Challenges 815



period, structural changes are inevitable within the TC 67 dedicated to the oil and gas 

business itself. 

A few working groups were created since 2023 (see Figure 1). On the initiative of 

the Norwegian national standardization body, under the auspices of ISO TC67, an ad hoc 

group on hydrogen energy was proposed, the purpose of which is to identify the topics 

and needs for standardization in the field of production, transportation, storage, 

distribution, conversion and domestic use of hydrogen and ammonia. Representatives of 

China initiated the creation of a working group “Green and lower carbon”, and at the 

initiative of Japan, a working group “Fuel ammonia combustion boiler” was created. 

These changes reflect broader processes occurring in the global economy, the energy 

sector as a whole, and the oil and gas sector in particular. 

The Pipeline Transportation Systems Subcommittee, in alignment with its parent TC 

67, has also developed a new and detailed scope for its standards. The recently approved 

scope of the Pipeline Transportation Systems Subcommittee is presented in Table 1. 

Table 1. The scope of the “Pipeline transportation systems” subcommittee of ISO TC 67 

Standardization in the field of pipeline transportation of fluids specific for oil and 

gas industries including lower carbon energy activities 
Objects of standardization comprise the 

following elements of the on-land and offshore 
pipelines: 

- pipeline system as a whole including 
gathering lines and distribution piping, 

- line pipe (excluding: ferrous metal pipes and 

metallic fittings related to ISO/TC 5, aluminium 
alloy pipes related to ISO/TC67/WG5), 

- valves and their equipment (including 
actuators and mounting kits), 

- bends, flanges, and fittings (including 
corrosion resistant ones), 

- pipeline connectors, 
- pipeline repair techniques and materials, 
- external protective coatings (including 

polyolefin, polypropylene, polyethylene, 
polyurethane, and epoxy), 

- external insulating coatings (including wet 
thermal insulation), 

- external weight coatings (including concrete 
coating), 

- internal anticorrosion coatings (excluding 
protective paint systems for steel structures related 
to ISO/TC 35/SC 14). 

Aspects of standardization comprise the 
concepts relating to design, construction, operation, 
inspection, and maintenance of the pipeline systems, 
including: 

- integrity management, 
- fluid transfer modes, 

- life extension, 
- risk management including those risks 

initiated by geological hazards, 
- in-field coating repairs, 
- corrosion protection including cathodic 

protection and prevention of corrosion influenced 
by stray currents, 

- requirements for the transportation of fluids 
containing carbon dioxide, 

- requirements for the transportation of fluids 
containing hydrogen, 

- requirements for ammonia transportation, 
- test procedures of different elements of the 

pipeline systems, 
- non-destructive testing including in-line 

inspection, 
- repair methods, 
- terminology. 

The scope of the subcommittee generally encompasses the topics addressed by the 

standards it develops. However, in addition to these, issues related to the pipeline 

transportation of hydrogen (H₂), carbon dioxide (CO₂), and ammonia (NH₃) have been 
incorporated into the scope. This expansion reflects the understanding that the transition 

to low-carbon energy will inevitably lead to a rise in the use of such pipelines. While 

there are existing pipelines worldwide designed to transport these fluids, none of them 

are associated with low-carbon energy. As the scale of these pipelines grows, and given 

their close integration with oil and gas infrastructure, new technological challenges will 
arise that will need to be addressed in the near future. 

The oil and gas industry is relatively mature, characterized by its inherent inertia, and 

its diversification presents a complex challenge that demands a thorough justification of 

the steps taken. Given the current circumstances, it is crucial to understand the nature of 
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the challenges engineers will face during the transition of the oil and gas sector to a new, 

low-carbon trajectory. 

Technological processes in low-carbon energy involve the transportation of key 

products, such as hydrogen and carbon dioxide, from production sites to consumption or 

storage locations via pipelines. These pipelines differ in configuration and operational 

modes, possibly to an even greater extent than traditional oil and gas pipelines. The task 
of future standardization efforts will be to examine their specific characteristics and 

establish regulations for the design, construction, operation, and maintenance of such 

pipelines. The block diagram of technological processes in low-carbon energy has been 

illustrated in Figure 2. 

 
Figure 2. The block diagram of technological processes in low-carbon energy 

Figure 2 illustrates that the main arteries connecting low-carbon energy facilities will 

be hydrogen and carbon dioxide pipelines. This indicates that, in the near future, it will 

be necessary to develop a corresponding regulatory framework for their construction, 
taking into account the specific characteristics and associated operational risks. 

2.  Global lower carbon energy trends 

The goals of the Paris Agreement of 2015, are to significantly reduce global greenhouse 

gas emissions and limit the increase in average global temperature in this century to 2 °C 

while seeking means to further limit this increase to 1.5 °C. 

Bearing this goal in mind, the world's energy giants, including British Petroleum, 
Shell, Total, ENI, along with Tesla Motors, Boeing, British Airways, Nippon Steel and 

many others, have committed to achieving carbon neutrality by 2050. 

British Petroleum has been actively developing new business areas in recent years. 

Thus, in 2019, only about 3% of the company’s capital investments accounted for drivers 
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of transitional growth - bioenergy, development of an electric vehicle charging network, 

hydrogen and renewable energy, and in 2022 the share of these costs has already 

increased to 30%. After acquiring the American company Archaea Energy in 2022, 

British Petroleum is building one of the world's largest plants for the production of 

renewable methane, the technology of which is based on its production through 

anaerobic decomposition of waste with the participation of single-celled organisms [2]. 
Shell, in addition to comprehensively reducing carbon emissions at all stages of its 

technological chain, is actively involved in carbon capture, utilization and storage 

(CCUS) projects. This technology should become a key element of the transition to 

carbon-free energy, according to the International Energy Association [3]. 

Shell currently has interests in three operating CCUS projects – in Australia, Canada 
and Norway; 11 projects are in development and 6 more are in the investment feasibility 

stage [4]. 

The global annual volume of carbon dioxide emissions is estimated at approximately 

40 billion tons [5], so projects similar to those given above are very numerous, and they 

are implemented not only by such well-known giants of traditional energy. In particular, 

in Iceland in September 2021, the world's largest CCUS plant was commissioned at a 
geothermal power plant, the energy of which is used to power the plant, while all carbon 

dioxide and hydrogen sulfide previously emitted by this power plant into the atmosphere 

are captured and buried [6]. 

These and other low-carbon energy projects currently underway and those being 

discussed are unthinkable without relevant pipeline facilities. 

The global situation of this area, the aforementioned trends will be accompanied by 
a rise in the proportion of pipelines specifically engineered for the transportation of 

hydrogen and carbon dioxide. 

3.  Assessing the features of transporting hydrogen via pipelines 

Using hydrogen as an energy source has been generally recognized as one of the main 

cornerstones of energy transition. According to the European Union's energy strategy, 

the target is to produce 10 million tons of renewable hydrogen by 2030 and import a 
further 10 million tons over the same time period [7]. 

For distances less than 3000 km the pipeline transportation of hydrogen is considered 

to be the most cost-effective way [8]. 

The establishment of a robust hydrogen transmission network is a critical priority for 

the expansion of a comprehensive hydrogen-based economy.  
There are approximately 5000 km of existing hydrogen pipelines in the world [9]. As 

of the end of 2021, the length of pipelines for transporting hydrogen in the United States 

was about 2,500 km, approximately 85% of which were on three main lines, mainly 

having a diameter of up to 300 mm (in some sections the pipeline diameter is 450-500 

mm). A set of forty projects managed by the transmission system operators of European 

countries, representing 31,500 kilometers of hydrogen pipelines, is expected to be 
commissioned before 2030 [10]. 

By 2030, it is planned to build about a thousand more kilometers of hydrogen 

pipelines in the United States. At the same time, the utilization of the current natural gas 

infrastructure for hydrogen delivery has been under deliberation for several decades. 

As part of the US hydrogen strategy, the possibility of expanding the hydrogen 

delivery infrastructure by adapting part of natural gas pipelines to transport a mixture of 
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natural gas and hydrogen (with a hydrogen share of up to 15%) is being closely studied, 

which may require only minor modifications of pipelines and equipment [11]. 

Similar projects are already being developed in other countries, including HyDeploy 

(UK), GRHYD (France), ARENA (Australia) and others. Using existing natural gas 

networks to transport hydrogen is four times more cost-effective than building new 

pipelines, research shows [12]. 
As a testament to this, we can observe the ongoing negotiations between the Algerian 

Minister of Energy and Mining and the German Federal Ministry of Economic Affairs 

and Climate Protection regarding the conversion and expansion of current gas 

transmission networks. This is aimed at facilitating the export of renewable hydrogen 

from Algeria to southern Germany through Tunisia, Italy, and Austria [13]. The South 
H2 project will consist of converting existing gas pipelines to transport up to 4 million 

tons of green hydrogen per year. Gas transmission system operators SNAM (Italy), 

Gasconnect-Austria (Austria), Trans Austria Gasleitung (Austria) and Bayernets 

(Germany) have begun a feasibility study to assess technical export possibilities. In 

March 2023, Algeria presented its renewable hydrogen road map, which aims to meet 

10% of Europe's renewable hydrogen needs by 2040. 
However, the use of existing gas pipelines to transport hydrogen is associated with a 

number of technical problems, the root causes of which will be discussed below. 

The first long distance hydrogen pipeline was constructed in 1938 in Germany 

(connecting Rhine with Ruhr, 240 km built of regular steel pipes 250-300 mm in diameter, 

transporting hydrogen at 10-20 bar pressure, still in operation). Hydrogen pipelines 

operating in the world today are highly specialized and connect specific enterprises with 
each other. 

The hydrogen industry itself is quite mature; there are various standardization 

documents regulating the design and operation of hydrogen pipelines [14-16]. At the 

same time, they are usually rather particularized and apply mainly to small-scale 

pipelines located within industrial buildings and structures. 

It has been quite a long time since different approaches were made towards 
systematizing the experience of constructing hydrogen pipelines with the aim of 

converting accumulated quantity into quality and further transition to long-distance 

pipelines like those that transport oil and gas [17-19]. However, there is still little 

experience on long-distance transport, and building of dedicated pipelines is expensive. 

The first modern, thorough attempt to cover all the intricacies and nuances of the 
transition to pipeline transport of blended natural gas and hydrogen has been made in a 

technical report by the European standardization body [20]. 

The report contains a selection of valuable factual data, and provides a guideline on 

how the pipeline industry will develop in the future and in which areas additional 

research is needed. 

In turn, ISO TC67 (the aforementioned working group 15) has published the technical 
specifications ISO/TS 20790:2024 “Oil and gas industries including lower carbon energy 

– Guidelines for green manufacturing and lower carbon emission of oil and gas-field 

equipment and materials”. 

These specifications provide guidelines for green manufacturing and carbon emission 

reduction in oil and gas field equipment and materials. They include the establishment 

of a green attribute system and the implementation of best practices, such as green design, 
manufacturing, remanufacturing, evaluation, and management. This document applies to 

organizations involved in the design, construction, engineering, commissioning, 
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operation, maintenance, decommissioning, and reuse of materials, equipment, 

installations, and process systems in the hydrocarbon industry. 

Subcommittee 2 of TC 67 has published ISO 13623:2017/Amd 1:2024 "Petroleum 

and natural gas industries – Pipeline transportation systems – Amendment 1: 

Complementary requirements for the transportation of fluids containing carbon dioxide 

or hydrogen", specifying requirements and giving recommendations for the design, 
materials, construction, testing, operation, maintenance, and abandonment of pipeline 

systems used for transportation in the petroleum and natural gas industries. 

There are two approaches to transporting hydrogen using pipelines: transporting pure 

hydrogen and its blending with natural gas transported via existing gas pipelines [21]. 

Some of these pipelines should be re-purposed into pure hydrogen pipelines later on. All 
of these prospects imply a number of technological challenges to be resolved. 

The features of pipeline transportation of hydrogen are determined by its physical 

and chemical properties, such as extremely low density, high permeability, high chemical 

activity towards other materials, and some other properties (Joule-Thomson effect 

coefficient, explosive limits, high flammability, low ignition energy, etc.), significantly 

discrepant from those of natural gas. Physical properties of hydrogen, crucially important 
from the point of view of pipeline transport, in comparison with those of methane has 

been given in Table 2. 

Table 2. Physical properties of hydrogen, crucially important from the point of view of pipeline transport, in 
comparison with those of methane 

Properties Hydrogen Methane 
Density, kg/m3 (@ 20 °C, 101 325 Pa) [22] 0.09 0.7 

Molecular size, nm [22] 0.075 0.22 
Sound speed, m/s 

(@ 20 °C, 101 325 Pa) [23] 
1390 438 

Joule-Thomson coefficient, K/MPa  
(@ 10 MPa, 230…355 K) [24] 

-0.23…-0.42 3.8…2.3 

Flammability limits in air 
(@101 325 Pa, 20 °C), % [25] 

lower 4 5.3 
upper 75 15 

Minimum ignition energy, mJ 
(@101 325 Pa, 20 °C) [25] 

0.02 0.3 

Blending hydrogen with natural gas and utilizing the existing natural gas 

transportation pipeline and distribution network for transmission is among the options 
being considered for transportation of hydrogen to end users. 

That said, the data in Table 2 clearly shows how much the physical properties of these 

gases differ. It is enough to note that even the sign of the Joule-Thomson coefficient is 

different; and when Joule-Thomson coefficient is greater than zero, the post-throttling 

temperature decreases; when it is less, the post-throttling temperature increases. 

In the light of re-purposing, additional testing of steels used in the old natural gas 
pipelines is needed to identify their limiting behavior in hydrogen environments. 

The hydrogen-methane mixing ratio depends on the specific case and can vary over 

a wide range. Although hydrogen separation is a well-known technology, the process 

itself is rather expensive and must be the subject of an individual cost-benefit calculation. 

The economic assessment of hydrogen blending must take into consideration pressure 

de-rating of existing pipelines, increased compression energy, increased pipeline 
maintenance spends, overall capital investments, as well as economical effect from 

replacing natural gas with hydrogen as a fuel. 

The penetration of atomic hydrogen into the material of pipes and equipment leads 

to the risk of steel embrittlement [26]. To avoid this on newly built hydrogen pipelines, 
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it is important to pay special attention to the material properties or to protect the inner 

surface from hydrogen saturation by using coatings [27]. 

Repurposing existing natural gas pipelines for hydrogen or hydrogen blends, while 

more cost-effective than building new infrastructure, introduces several technical 

challenges. Pre-existing defects, such as corrosion, cracks, and dents, can trap hydrogen 

and exacerbate hydrogen embrittlement in pipeline steel. Older pipelines, constructed 
with legacy metallurgical methods, tend to have higher impurity levels, making them 

more vulnerable to hydrogen embrittlement compared to modern materials. Studies 

indicate that the prolonged exposure of these pipelines to underground conditions over 

decades may further degrade their mechanical properties, increasing the risk of brittle 

failure [28]. 
The small size of the hydrogen molecules leads to a significant increase in the risk of 

leaks from pipelines and equipment [29]. To prevent this, it is necessary to introduce 

more stringent tightness requirements for hydrogen pipelines than for natural gas 

pipelines, as well as to reconsider leak-detecting techniques, and, probably, improve 

quality and decrease quantity of threaded, flanged and welded connections. 

As a part of the commissioning and decommissioning technologies, when purging 
and filling pipelines and equipment with hydrogen, it is necessary to prevent 

stratification during the purging process (to ensure complete emptying or filling of 

pipelines), as well as to exclude the formation of explosive hydrogen-air mixture through 

inertizing (for safety reasons). The approaches should also differ from those for natural 

gas. 

Hydrogen blending is affecting the hydraulic and thermodynamic of the gas pipeline 
transportation [30]. The low molecular weight of hydrogen makes centrifugal 

compressors increase rotational speed with increasing hydrogen concentrations to 

maintain the compression ratio needed. The lower volumetric energy density of hydrogen 

results in reduction of energy transmission capacity at fixed pipeline pressures, and 

maintaining either consistent pipeline pressures or energy transmission capacity requires 

a significant increase in compression energy due to the lower molecular weight of 
hydrogen. 

The blending of hydrogen with natural gas depends on various factors [31]. Different 

components of gas transmission equipment react differently to hydrogen levels. For 

example, gas coolers, filters, and vent stacks should not be significantly affected by 

hydrogen, while gas turbines, centrifugal and reciprocating compressors require specific 
consideration. 

To prevent surge or choke, centrifugal natural gas compressors should exhibit 

flexible performance [32]. Gas mixtures that deviate from standard compositions can 

alter fluid density at the inlet, which in turn influences the volumetric flow rate and may 

lead to the compressor operating outside its intended parameters.  

Centrifugal compressors with variable-speed drive electric motors offer flexibility to 
avoid surge and choke, while fixed-speed machines can adjust inlet guide vanes as an 

alternative solution. 

Studies indicate that impeller speed exceeds safe limits when compressing natural 

gas mixtures with 10 % hydrogen content under constant throughput conditions [33]. 

Similarly, maintaining a constant outlet pressure results in the compressor exceeding safe 

rotation speeds at around 20 % hydrogen concentration [34]. 
It is important to note that these extreme values were obtained through experimental 

processes. For industrial applications, any hydrogen content in transported gas must be 
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approved by the equipment manufacturer. Currently, research is focused on the 

feasibility of blending up to 10% hydrogen into natural gas for future use [35]. 

After hydrogen is mixed into natural gas, the gas characteristics are more complex, 

which has a complex impact on the pipeline, transportation equipment, fuel equipment 

and so on. To promote the development of hydrogen energy, it is desired to study and 

establish a series of applicable standards for the design, construction, operation and 
management of hydrogen-mixed natural gas pipelines, so as to form a targeted and 

integrated standard system for hydrogen-mixed natural gas pipelines. 

Compared with steel pipes for hydrogen transport, non-metal pipes have many 

advantages, for example, strong design-ability, light weight, no risk of hydrogen 

embrittlement, and no welding, convenient and quick connection. That said, it should be 
taken into consideration that hydrogen can impact the physical properties of plastic and 

composite materials penetrating in their structure [36]. For example, the degradation of 

polymers in pipelines can be caused by such processes as permeation, absorption, 

oxidation, and hydrolysis [37]. The continuity, density, and resilience of materials can be 

heavily affected, as a result. 

4.  Risks and challenges associated with carbon dioxide pipelines 

When implementing CCUS projects, the problem of transporting carbon dioxide 

obviously arises. And the more modern such projects are, the larger the scale they acquire. 

In 2022, Equinor (Norway) together with Wintershall Dea (Germany) announced 

plans to build a 900 km pipeline by 2032 to transport CO2 from northern Germany to an 

underground disposal site on the Norwegian shelf [38]. 

In October 2023 the final investment decision for Porthos project was taken [39]. 
Porthos has been recognized by the European Union as a Project of Common Interest. 

The construction will start in 2024, the system is expected to be operational from 2026. 

Porthos is developing a project in which CO2 from industry in the Port of Rotterdam 

is transported and stored in empty gas fields beneath the North Sea. 

The CO2 that will be transported and stored by Porthos, will be captured by various 

companies. The companies will supply their CO2 to a collective pipeline that runs 
through the Rotterdam port area, where it will be pressurized and transported through an 

offshore pipeline to a platform in the North Sea, approximately 20 km off the coast. From 

this platform, the CO2 will be pumped into an empty gas field. The empty gas fields are 

situated in a sealed reservoir of porous sandstone, more than 3 km beneath the North Sea. 

The total capacity of Porthos will be around 37 Mton CO2 (approximately 2.5 Mton per 
year for 15 years). 

An increasing number of both offshore and onshore projects involving carbon dioxide 

transportation are being developed. However, there remains limited experience with the 

construction and operation of large-scale carbon dioxide pipelines. The transportation of 

carbon dioxide via transmission pipelines presents unique challenges, similar to those 

encountered in hydrogen transport. However, the specific issues associated with carbon 
dioxide differ substantially from those encountered in hydrogen pipeline systems. 

The United States has accumulated significant experience in the construction and 

operation of offshore and onshore carbon dioxide pipelines. Currently, there are about 

50 such pipelines in operation there, with a total length of more than 8,000 km, through 

which about 70 million tons of CO2 are transported annually. These pipelines link natural 

sources of carbon dioxide to oil fields, where it is used to enhance oil recovery, since 
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CO2 is a super solvent. In the near future, it is planned to build more than 5.5 thousand 

km of pipelines to transport captured and utilized carbon dioxide produced at ethanol 

plants in the upper and mid-western regions of the United States [40]. 

The safe operation of CO2 pipelines is caused by significant differences in the 

physical properties of carbon dioxide from hydrogen, oil, and gas. The phase diagram of 

carbon dioxide is shown in Figure 3, where we see that CO2 can exist in one of three 
physical states in a range of pressures and temperatures that is commonly encountered 

in practical applications. 

 
Figure 3. Phase diagram of carbon dioxide 

Carbon dioxide pipelines designed for its capture and sequestration involve multiple 
gas sources, whose flow rates and pressures can vary rather unpredictably, complicating 

the maintenance of stable hydraulic conditions in the pipeline. CO2 is usually transported 

in the liquid phase, and as shown in the phase diagram (Figure 3), the conditions for this 

phase are relatively limited. 

While Figure 3 describes pure carbon dioxide, its behavior changes quite a bit 

according to very small amount of pollutants that the gas is carrying (such as hydrogen 
sulphide, sulphur dioxide and others), that are commonly found in exhaust gases. Not all 

of these properties are completely foreseeable and understandable. 

The most sensitive impurity in carbon dioxide is water. Although dehydration of 

carbon dioxide is a very energy-intensive process [41], if it is not carried out, then even 

a single percentage can cause great trouble for the pipeline [42]. 

Free water, if it is not removed from carbon dioxide prior to its transportation, acts 
as an electrolyte directly impacting the CO2 pipeline material, which causes corrosion 

[43]. Also, the interaction of free water with carbon dioxide can lead to the formation of 

carbonic acid, causing corrosion, as well [44]. Extensive research has been conducted on 

both types of corrosion mechanisms, resulting in well-documented data on corrosion 

rates. The susceptibility of carbon steel pipelines to corrosion is a significant concern, 

according to studies involving hydrocarbons with low CO2 content [45]. 
These and related issues, such as the danger of hydrate formation, are described in 

the form of guidelines in existing documents [46]. 

Corrosion of CO2 pipelines is not solely caused by water; studies have shown that the 

presence of small amounts of H2S in the CO2 stream can accelerate corrosion under 

C. Qin et al. / Pipeline Standardization Issues: Reflecting Technological Challenges 823



dynamic flow conditions. Under these circumstances, the formation of a protective iron 

carbonate scale is hindered by the deposition of iron sulfide, which is unstable and prone 

to removal from the metal surface, reducing its protective effectiveness. The combination 

of CO2 and H2S creates a highly corrosive environment, significantly increasing the risk 

of damage to pipeline steel [47]. 

However, a number of issues still require detailed regulation, in particular those 
related to the safe operation and hydraulic modes of carbon dioxide transport. 

The usual range of operation parameters lays within the liquid area (see Figure 3), 

but once the pressure is released, the product immediately turns into a normal CO2 gas, 

with its volume increasing very rapidly, as pressure is released. In the event of an 

emergency, if CO2 were to be released from a pipeline, it would rapidly cool (the Joule-
Thomson coefficient of CO2 is 11.1 K/MPa @ 5 MPa, 20 °C [21]) and spread along the 

pipeline right-of-way and surrounding area. Due to its specific gravity of 1.53 being 

higher than that of air, it will tend to move towards lowlands, following the actual 

topography of the area. A similar incident occurred on February 22, 2020, in the U.S. 

[48], when, as a result of a leakage, a CO2 cloud covered the small town of Satartia 

(Yazoo County, Mississippi). That day, many unprepared inhabitants lost consciousness 
due to the high concentration of carbon dioxide (an asphyxiant with well-established 

toxicological risks) in the atmosphere, 200 residents surrounding the rupture location 

were evacuated, and 45 were taken to the hospital. What was even more daunting, people 

could not leave the zone of the CO2 plume, since the internal combustion engines did not 

start at lack of oxygen in the atmosphere. Such cases underscore the need for thorough 

risk analysis associated with the operation of carbon dioxide transmission pipelines [49]. 
The existing CO2 pipelines connect its natural sources to the oil producing facilities, 

which means that pressure distribution along the pipeline is almost the same through the 

whole operation period. Whereas the modern CO2 main pipelines, dedicated to the CCUS 

industry, would have lots of intermittent sources, that vary up and down in their volume 

and pressure, sometimes unpredictably, which makes the operating such a pipeline really 

much more complicated, in order to maintain the optimal operational regime. 
Other potential hazards associated with CO2 pipeline transportation are as follows 

[50]: 

- it has low surface tension and near-zero viscosity which can complicate sealing, 

- release of CO2 can cause rapid cooling, increasing the risk of embrittlement, 

- pure carbon dioxide release lacks a significant initial sensory response in humans, 
- liquid CO2 release can create a large thermal cooling effect, 

- explosive decompression may occur, with elastomer seals potentially failing after 

gas absorption under high pressure, 

- carbon dioxide is a potent solvent, raising concerns for toxic contamination upon 

release. 

The development of relevant standards is essential to establish the foundational 
guidelines necessary for the design tools that will support the success of the pipeline 

sector within the broader context of the global CCUS strategy. 

5.  Conclusion 

The global oil and gas giants are presently in the process of metamorphosing into 

comprehensive energy entities, encompassing a diverse renewable energy portfolio. 
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These companies are initiating ambitious strategies to substantially diminish their carbon 

footprint as part of a concerted effort to combat climate change. 

The composition of the technical committee within the domain of oil and gas 

technologies at the International Organization for Standardization (ISO) is acutely 

attuned to shifts in global energy policy. Pertinent subcommittees and working groups 

are established in due course, providing a platform for preeminent industry experts to 
share their cutting-edge expertise. 

A pivotal facet of executing energy transition initiatives involves a substantial surge 

in the scale and extent of pipelines for transporting hydrogen and carbon dioxide. The 

magnitude of this expansion will surpass that of existing pipelines of the sort, 

necessitating technological innovations. 
The challenges associated with standardizing hydrogen pipelines, including those re-

purposed from natural gas pipelines, are rooted in the distinctive properties of the lightest 

element in the universe. Its minuscule molecular size, high permeability, as well as its 

combustible and explosive nature, present significant hurdles. 

The complexities of standardizing carbon dioxide piping are intimately linked to the 

unconventional phase behavior of the substance and the safety concerns it engenders, 
alongside its chemical reactivity. These factors are also connected to the constraints on 

product purity and pipeline preparation. 

The existing standards governing the design and operation of hydrogen and carbon 

dioxide pipelines are primarily tailored for specialized facilities or individual projects or 

provide general guidelines. These standards do not encompass the same scope as those 

for the oil and gas industry, owing to the differing scales of the two sectors. It is 
increasingly clear that a transition from general guidelines to more prescriptive standards 

is required. Such standards would establish precise and comprehensive requirements for 

the design of hydrogen and carbon dioxide pipelines. The issues addressed in this article 

highlight key directions for the development of standards within the energy sector. This 

is already reflected in the work program of the Pipeline transportation subcommittee of 

TC67. 
The development of the technical report "Assessment techniques for determining 

fitness for service of pipeline steel for transportation of natural gas-hydrogen mixtures" 

commenced this year. The report is being developed under the auspices of the dedicated 

working group and is based on a thorough applied study of the behavior of pipeline steel 

in the presence of hydrogen. For this purpose, CNPC researchers are building an 
experimental rig consisting of pipes with diameters ranging from 300 to 650 mm, with a 

total length exceeding 50 m. A mixture of natural gas and hydrogen, with a variable 

composition ranging from 3% to 84% hydrogen, is pumped through this experimental 

pipeline. The pipe samples are easily replaceable due to flange connections and include 

girth welds, which are known to be particularly susceptible to the effects of hydrogen 

[51]. 
The results obtained from this study will enable the development of recommendations 

for the use of specific steel grades under particular conditions, taking into account the 

hydrogen content in the transported mixture. 

As for the holistic approach to following standardization in the field of pipeline 

transportation for low-carbon energy, the following sequence appears to be reasonable. 

Particular factors are identified that are considered significant and potentially hazardous. 
Corresponding research is conducted to address these concerns. As a result, specific 

procedures are described, including the development of standards. These procedures are 

ultimately formalized in deliverables such as technical reports, specifications, and ISO 
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standards. Throughout this process, the primary objective is to ensure the proper design, 

construction, and maintenance of pipelines. This goal is achieved through the 

development of well-founded, balanced, and appropriately calibrated standards, avoiding 

unnecessary conservatism. 
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Abstract. In this paper, based on HBS (Hyper Ballistic Shape), the support 
interference study of the strut diameter was carried out. The influence of the 
diameter of the strut on the static aerodynamic forces and dynamic derivatives is 
given by the static/dynamic flow field calculation of the diameter of different strut 
diameters. The bowing shock wave of the leading edge of different strut diameters 
is consistent with the compression shock wave of the tail skirt, and the difference of 
the bottom flow field is the largest, so the support to the bottom resistance is also 
the most obvious. According to the simulation results, the tail branch of this design 
has less interference to the dynamic flow field of air-breathing hypersonic vehicle. 

Keywords. Hypersonic, support interference, numerical simulation, dynamic 
derivative Introduction 

1. Introduction 

Support interference is one of the important sources of dynamic derivative error. It is 

important to study the support interference under dynamic conditions when nonlinear 

aerodynamic loads are generated by unsteady flow structures. [1-2]. 

In general, the test model and support form differ greatly from the actual situation, and 

some correction methods are not reliable in this case. In addition, the influence of the 
support rod on the model resistance is mainly concentrated in the rear body of the model, 

and the geometric shape of the model, the geometric parameters of the support rod, the 

incoming Mach number and Reynolds number will affect the resistance [3-5]. For this 

special case, there is no more suitable calculation program can be used [6-7]. 

In this paper, based on HBS (Hyper Ballistic Shape), the support interference study of 

the strut diameter was carried out. The influence of the diameter of the strut on the static 
aerodynamic forces and the dynamic derivatives is given by the static/dynamic flow field 

calculation of the diameter of different strut diameters. The bowing shock wave of the 

leading edge of different strut diameters is consistent with the compression shock wave 

of the tail skirt, and the difference of the bottom flow field is the largest, so the support 

to the bottom resistance is also the most obvious.   
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2. Calculation method 

Dynamic stability parameter is a significant parameter for aircraft control and unstable 

boundary analysis [8-10]. The aerodynamic coefficients ��  can be defined as follows:  

��(�) = ����(�), �(�), 	(�), 
(�), �(�)�        − ∞ < � ≤ �              (1) 

Eq. (1) can be simplified as:  

��(�) = ����(�)�        − ∞ < � ≤ �                            (2) 

Let the aircraft fly in a fixed attitude before time � = 0, the Angle of attack is��, and 

then change the motion state as follows:  

��(�) = �
�(�)
�(�)

              
0 ≤ � ≤ �
      � > �

                              (3) 

 ��(�) = �
�(�)        

�(�) + ��
     

0 ≤ � ≤ �
      � > �

                             (4) 

 ���(�) is related to starting moment �, observation time t, the �� and  attack angle �, 

���(�) = ���[�(�); ��, �, �]           − ∞ ≤ � ≤ �                   (5) 

Based on Eq. (5):  

� = �[�(�); �, �]           − ∞ ≤ � ≤ �                         (6) 

Based on Eqs. (5-6), when t>0, ��(�) can be written as:  

��(�) = ��(0) + ∫ �[�(�); �, �] 
��

��

�

�
��       (0 ≤ � ≤ �)             (7) 

The initial condition of Eqs. (1-7) is: when � < 0, 
��

��
= 0. In fact, we can assume that 

�(�) expands to a convergent Taylor series around � = �, And then, the Eq. (7) can be 

equivalently deformed to: 

�[�(�); �, �] = �(� − �; �(�), �̇(�), �̈(�), ⋯ )                   (8) 

In the Eq. (8), when �, �(�), �̇(�), �̈(�), ⋯is given, the change of �(�) is also unique. 

The transition response is only related to � − �. Therefore, Eq. (8) can be deformed to: 

��(�) = ��(0) + ∫ �(� − �; �(�), �̇(�), �̈(�), ⋯ ) 
��

��
��

�

�
         (9) 

Easy to know, when � − � → ∞, indicial response �(� − �; �(�), �̇(�), �̈(�), ⋯ ) rely 

on the  �(�), its limit is ��∞; �(�)�. Redefine a new function F: 

"(� − �; �(�), �̇(�), �̈(�), ⋯ ) = ��∞; �(�)� − �(� − �; �(�), �̇(�), �̈(�), ⋯ )  (10) 

As � − � → ∞, " → 0, substitute Eq. (10) into Eq. (9): 

��(�) = ���∞; �(�)� − ∫ "(� − �; �(�), �̇(�), �̈(�), ⋯ ) 
��

��
��

�

�
   (11) 

Easy to know # = � − �, Eq. (11) deformed to: 

��(�) = ���∞; �(�)� − ∫ "(#; �(� − #), �̇(� − #), �̈(� − #), ⋯ ) 
��(�$%)

�%
�#

�

�
  (12) 

According to the above assumptions about Taylor series, �(�) could expand at any 

point in [0, �] . Meanwhile, � − # = � ∈ [0, �]  , �(� − #), �̇(� − #), �̈(� − #), ⋯ also 

could expand near t: 

�(� − #) = �(�) − �̇(�)# +
�̈(�)

2
#� − ⋯ 

�̇(� − #) = �̇(�) − �̈(�)# +
�⃛(�)

2
#� − ⋯ 

                            �̈(� − #) = �̈(�) − �⃛(�)# +
�⃜(�)

�
#� − ⋯                                (13) 

To substitute Eq. (13) into Eq. (12): 

��(�) = ���∞; �(�)� + ∑ �.
/
.1�

�3�(�)

��3
                                 (14) 

In Eq. (14) 
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�. =
($�)345

(.$�)!
∫ "(#; �(�), �̇(�), �̈(�), ⋯ )

�

�
#.$��#    (7 = 1,2,3, ⋯ )       (15) 

Eqs. (14-15) represents the functional relationship between the ��(�) and the phase 

space variable. �. is explicit function of t, the relation between them can be expressed in 

the Eq. (16): 

��(�) = ��(�(�), �̇(�), �̈(�), ⋯ ; �)                        (16) 

For more general cases, a similar analysis can be performed with expressions for  

��(�), then ∆�� is related to aircraft motion ��, �̇, �, ⋯ , ?@, ℎ, #, B, ⋯ , CD, ĊD�. In this 

case ∆�� can also be rewritten as: 

�����, �̇, ⋯ , ĊD� =
EFG

E�
�� +

EFG

E�̇
��̇ + ⋯ +

EFG

EḢI
�ĊD + J. L. M       (17) 

Finally, the dynamic derivative 
EFG

E�
,   

EFG

E�̇
,   ⋯   

EFG

EḢI
 can be obtained by calculating the 

time domain data ��� . There are many ways to do this, such as  phase method, frequency 

domain transform method and regression method etc. 

3. Numerical simulation 

Based on the study of the influence of the length of the strut on dynamic stability, this 

section studies the support interference of the strut diameter based on the HBS standard 

model. The influence of the diameter of the strut on the static aerodynamic force and the 
dynamic derivative is given by the static/dynamic flow field calculation of the diameter 

of different strut diameters. 

3.1. Calculation model 

For study the influence of the tail support on the flow field of the model, three kinds of 

struts were designed. The support section is a circular section installed at the bottom of 

the model. The axis coincides with the symmetry axis of the model, and the support 
extends beyond the calculation domain. The ratio ds/d of the diameter of the three struts 

to the diameter of the bottom of the HBS is 20%, 50%, and 80%, respectively. Figure 1 

shows the tail support of the HBS. 

 
Figure 1. HBS outline tail support diagram 

3.2. Effect of strut diameter 

The calculation state of HBS support disturbance is taken from the wind tunnel 

experimental conditions: Mach number ?@/ = 6.85  , QR� = 0.72 × 10T  with 

reference length as the reference length, centroid position UVW
XY = 0.72 . Figure 2 gives 
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the symmetry plane flow line and pressure of different supports when HBS-shaped  

angle of attack Cloud map. The leading edge bow shock of different strut diameters is 

consistent with the compression shock wave of the tail skirt. The difference in the bottom 

flow field is the largest, so the interference to the bottom resistance is also the most 

obvious. Figure 3 gives the static aerodynamic coefficient with the angle of attack. The 

pitching moment coefficient and the lift coefficient curve of different struts are basically 

coincident, and the difference in drag coefficient is the largest. The resistance coefficient 

of  �Z
�Y = 20% and the no-bar state are basically coincident. With the increase of  �Z

�Y  

, the difference in drag coefficient is also obvious. 

(a) Without support (b) ds/d=20% 

 

(c) ds/d=50% (d) ds/d=80% 

Figure 2. HBS symmetry surface flow line and pressure cloud map 

(a) Pitching moment coefficient (b) Lift coefficient 

0�
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(c) Resistance coefficient (d) Lift-drag ratio 

Figure 3. Static aerodynamic coefficient with angle of attack 

3.3. Style and spacing 

The combined derivative ��^ + ���̇ of HBS’s different strut diameters is listed in Table 

1. Unlike the drag coefficient, the strut diameter has little effect on the dynamic 

derivative, and the difference between the different states does not exceed 5%. 

 
Table 1. Combined derivative of HBS different strut diameter ��^ + ���̇. 

Angle 

of attack 

Without 

support 
ds/d=20% ds/d=50% ds/d=80% 

0° -19.98 -19.98 -19.19 -19.26 

5° -18.72 -18.75 -18.64 -18.51 

10° -17.69 -17.68 -17.80 -17.67 

15° -23.58 -23.43 -23.46 -23.35 

20° -61.36 -61.50 -61.44 -61.31 

 

4. Conclusion 

Based on the research on the influence of the length of the strut on the dynamic stability, 

the support of the diameter of the strut is carried out for the HBS standard model. 

Through the calculation of the static/dynamic flow field with different diameters of the 

strut, the diameter of the strut is given to the static aerodynamic force and the study of 

the influence of the dynamic derivative. This paper designed three kinds of struts. The 
surface is a circular section installed at the bottom of the model, the axis coincides with 

the axis of symmetry of the model, and the support extends beyond the calculation 

domain. The ratio of the diameter of the rod to the diameter of the bottom of the HBS 

ds/d is 20%, 50%, and 80%, respectively. The main results are as follows: 
(1) The shock wave and the tail skirt compression shock wave are consistent with 

each other, and the difference in the bottom flow field is the largest, so the interference 
to the bottom resistance is also the most obvious.  

(2) The pitching moment coefficient and the lift coefficient curve of different struts 

are basically coincident, and the difference in the drag coefficient is the largest. 
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(3) The resistance coefficient of �Z
�Y = 20% and the state without the poles 

substantially coincide. As �Z
�Y  increases, the difference in drag coefficient becomes 

apparent.  

(4) The dynamic aerodynamic characteristics of the different strut diameters of the 
HBS model show that the strut diameter has little effect on the calculation results of the 

dynamic derivative. 
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A Fuzzy Control Strategy Based on PI2 

for Semi-Active Suspension 
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Abstract. Many studies have used fuzzy control strategies to control semi-active 
suspensions. The conventional fuzzy control strategy depends on the designer's 
experience, and it is difficult to find the optimal control parameters. This paper uses 
the reinforcement learning algorithm PI2 (Policy Improvement with Path Integrals) 
to optimize the membership function parameters.  Through simulation, this method 
is more effective than conventional fuzzy control strategy in reducing the body 
vertical acceleration and dynamic deflection of suspension. 

Keywords. Semi-active suspension, fuzzy control, Policy Improvement with Path 
Integrals 

1. Introduction 

Suspension systems have the function of absorbing ground-transmitted vibrations and 

improving the smoothness of the vehicle's ride as well as its handling stability. The 

traditional passive suspension has the disadvantage of being unable to adjust to different 

road conditions. Although active suspension has a good control effect, it has the 

disadvantages of complex structure and excessive energy consumption. Semi-active 

suspension can adjust the damping coefficient of the damper according to the degree of 
vehicle vibration, has good control performance and low energy consumption and low 

structural complexity. These advantages have made semi-active suspensions the most 

researched and widely used suspension system [1-2]. Fuzzy control possesses the 

advantages of strong control robustness as well as does not require an accurate model of 

the controlled object Many scholars have investigated the use of fuzzy control for the 

control of semi-active suspension, and the literature [3] proved that fuzzy control can 
improve the performance of the suspension system. 

The “trial-and-error” method is the main method of designing fuzzy controllers, 

which relies on the experience of the designer. Since there are many parameters that need 

to be determined for designing a fuzzy controller, it is difficult to accurately find the 

appropriate parameters of the fuzzy controller by “trial and error”. With the introduction 

of intelligent algorithms such as neural networks and genetic algorithms, many scholars 
have studied the optimization of fuzzy controllers using intelligent algorithms. 

The affiliation function of a fuzzy controller is generally determined by dozens of 

parameters. Heuristic algorithms such as Particle Swarm Optimization (PSO) and 

Differential Evolutionary Algorithms (DE) have the disadvantage of easily falling into 
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local optimums when optimizing such multi-parameter models. Unlike DE and PSO, 

which are algorithms that only utilize the current optimal samples for updating, 

reinforcement learning is based on all existing samples to get the descent direction, which 

is a better use of information. In this paper, a reinforcement learning algorithm is 

considered to be used for the optimization of the fuzzy controller, and a fuzzy control 

strategy based on Policy Improvement with Path Integrals (PI2) is proposed to control 
the semi-active suspension. 

 

2. Simulation Model  

2.1. Quarter Semi-Active Suspension Model 

The semi-active suspension quarter-vehicle model is shown in Fig. 1, where �� 

corresponds to the unsprung mass; ��  corresponds to the spring-loaded mass; �� 

corresponds to the suspension stiffness; ��  corresponds to the tire stiffness; �� 

corresponds to the magnetorheological damper output force; �� corresponds to the droop 

displacement of the spring-loaded mass; �� corresponds to the droop displacement of 

the unsprung mass; and 	 is the road surface input

ks

 
Figure 1. Quarter vehicle model with semi-active suspension 

 

Semi-active suspension dynamics equations: 

 
 ���̈� + �� + ��(�� − ��) = 0             
���̈� − �� + ��(�� − ��) + ��(�� − q) = 0                            (1) 

2.2. Road Surface Roughness Excitation Models 

The road condition can be measured by unevenness. The road roughness function q I  

describes the relationship between the height q of the road surface relative to the 

reference plane and the length I from the starting point position. The power spectrum of 

q I is �
(�). Its expression is: 
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 �
(�) = �
(��) � �
�����

                                             (2) 

In the above equation , �
(�) - road power spectral density value; � - spatial 

frequency; ��- reference spatial frequency; ω - frequency index.  Generally speaking, �� 

is taken as 0.1 and ω as 2.  
The international standard divides road surfaces into eight levels, with Chinese roads 

mainly concentrated in three levels: A, B, and C. The standards are shown in Table 1. 

Table 1. Classification criteria for road roughness 

R  ��(��) × ������/��� �� = �. ���� 
lower limit  geometric mean upper limit  

    

    

    

The time-domain model of road excitation using filtered white noise method is: 

	̇(!) = −2"#�	(!) + 2"$�
(��)% (t)                                 (3) 

In the formula, % is the vehicle's driving speed; &(!)  is Gaussian white noise with 

mean value of 0;  	(!) is vertical displacement;  #�  is Cut off the spatial frequency 

below #� = 0.01��'. 

2.3. Smoothness Evaluation Indicators 

The smoothness of a car refers to its ability to reduce the impact of vibration on passenger 

comfort.  Due to the fact that the human body's perception of smoothness depends on the 
frequency and intensity of vehicle vibrations, body vertical acceleration is selected as the 

evaluation index for vehicle smoothness. In addition to body vertical acceleration, tire 

dynamic load and dynamic deflection of suspension are also important indicators. 

 

3. Fuzzy Controller Optimized Based on PI2 

3.1. Design of Fuzzy Controller 

The fuzzy controller mainly consists of an input fuzzification interface, knowledge base, 

fuzzy inference engine, and defuzzification interface.  Analyze the suspension dynamics 

and select the vertical velocity v and body vertical acceleration * as input variables, and 

the damper control force F as output variable.  The membership function is selected as 

Gaussian membership function, the inference method of the fuzzy controller is Mamdani 
method, and the deblurring method is Centroid method. 

The set of fuzzy language: 

*={NB,NS,Z,PS,PB}   v={NB,NS,Z,PS,PB}   F={ NB,NS,Z,PS,PB } 

The fuzzy set domain: 

*={-2,-1,0,1,2}   v={-2,-1,0,1,2}   F={ -2,-1,0,1,2 } 

The quantification factor and proportional factor: 
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-3 = 4
3567   -8 = 4

8567   -9 = 9567
4  

 

According to the analysis of the suspension dynamics, when the absolute value of v 
is too large or has an increasing trend, the output force should reduce its absolute value 

or offset its increasing trend.  Therefore, the design of fuzzy control rules is shown in 

Table 2: 

 
Table 2. Fuzzy Control Rules 

 B : 
     

 
 

      

      

      

      

      

       

 

3.2. Policy Improvement with Path Integrals 

Policy Improvement with Path Integrals (PI2) is a reinforcement learning algorithm that 

combines stochastic optimal control and has numerical robustness in high-dimensional 
learning problems [4]. The optimal control of a random system is to find suitable control 

variables to minimize a certain system performance indicator.  By obtaining the 

optimization objective value function, the stochastic optimal control problem can be 

approximated as a path integral approximation problem. 

Unlike other algorithms, PI2 uses probability-weighted averaging to update 
parameters. Given the initial value ω, then add random perturbation ε to generate 

multiple variational paths ;<, so as to obtain multiple paths with different costs. The value 

of ω is updated according to the obtained results by weighting and averaging them. The 

optimal control quantity > is: 

                                            > = ∫ @(;<)>A(;<)B;< (4) 

 

The local control variable in the formula >A(;<) is: 

                                               >A(;<) = & + C< (5) 

The probability @(;<) is: 

                                              @(;<) = DEGHIJKLM

∫ DEGHIJKLM�NL
 (6) 

In the formula, O(;<) represents the ;< cost of the path. The coefficient λ>0 makes 

the path with larger cost O(;<)  lower probability @(;<) . When the optimal control 
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quantity is finally obtained, it can ensure that the optimal control quantity converges to 

the place with a lower cost. 

3.3. Fuzzy Controller Optimized Based on PI2 

According to the smoothness evaluation index, this paper adopts the cost function: 

       J = Q��8 ∑ *<4S<T� + �� ∑ (U� × B<)4S<T� + �V ∑ JUV × #<M4S<T� �  (7) 

In the formula, *< is the value of the ith sampling point of the body vertical acceleration; 

B<  is the numerical value of the ith sampling point of the dynamic deflection of 

suspension; #< is the numerical value of the ith sampling point of the tire dynamic load; 

�8 �� and �V represent the weight of the three indicators, �8 + ��+�V = 1. N is the 

number of sampling points;  U� and UV are used to process the three indexes in the same 

magnitude. 

The fuzzy controller adopts a Gaussian membership function, and its mathematical 

expression is: 

                                    #J� W XM = Y�(7EZ)[
[\[  (8) 

In the formula, W is the width of the Gaussian curve and X is the center coordinate 

value of the Gaussian curve. According to Eq.(8), the fuzzy controller has a total of 15 

Gaussian curves with two inputs and one output, which means it has 30 parameters.  Set 

the & = [�' �4 �^ ⋯ ⋯ �^�] corresponding thirty parameters that need to be optimized. 

Take the parameter values when the Gaussian membership function is uniformly 

distributed as the initial values  &�. According to Eq.(4), Eq.(5), Eq.(6) and Eq.(7), the 

optimization process of PI2 for membership function parameters is shown in Figure 2. 

 

 

 

 

 

 

 

  

Generate 20 paths bc = b0 + ecJc = 1 2 ⋯ 20M 

ks

Road Excitation

Fuzzy Controller

Get cost value f(gc)Jc = 1 2 ⋯ 20M 

Take corresponding b e to min 10 group f(gc)  

denoted as bh ehJh = 1 2 ⋯ 10M 

j(gh) = k−1lf(gh)

∑ mk−1lf(gh)o10h=1
 

Update amounts pr ∑ u10h (gh)eh 

w�kg = bxyz + pr Return w�kg as initial array to continue iteration until the max times. 

bc 

{z 

:c zc |c 

Input initial array b  

Start

End

 

Figure 2   PI2 Optimization Process Diagram 
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4. Simulation and Analysis 

This paper uses simulation software for the simulation experiment. The suspension 

simulation is established according to Eq.(1) and parameters are shown in Table 3. The 

parameter cp is the damping coefficient of passive suspension. The road surface 

roughness excitation model is establishied according to Eq.(2) and Eq.(3). 

Table 3.  simulation parameters of suspension 

} ∙ � ∙ ���

 

The membership function parameters of the fuzzy controller are optimized by using 

the reinforcement learning algorithm PI2 under the condition of 90Km/h on Class A road. 

Figure 3 shows the comparison between the membership function trained by the PI2 

algorithm and the initial membership function.    

 
Figure 3   Comparison of membership function before and after training 

 

Simulate under the condition of a speed of 90Km/h on Class A road. By comparing 

the three control strategies, the variation curves of their body vertical acceleration are 

shown in Figure 4.  From Figure 4, it can be seen that compared to passive suspension, 
the conventional fuzzy control strategy can effectively suppress the body vertical 

acceleration. The fuzzy control strategy based on PI2 can better suppress the vertical 

vibration of the vehicle body than the conventional fuzzy control strategy, which means 

it has better smoothness. 
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Figure 4.  Body vertical acceleration at 90Km/h on Class A road 

 

Select a speed of 90Km/h and simulate three levels of road surfaces A, B, and C. 

Table 4 shows the root mean square values of the body vertical acceleration, the dynamic 
deflection of suspension, and the tire dynamic load corresponding to the three methods. 

From Table 4, it can be seen that all three indicators increase with the deterioration of 

road conditions. Compared with passive suspension, conventional fuzzy control strategy 

and fuzzy control strategy based on PI2 can improve the body vertical acceleration, with 

the improvement degree of fuzzy control strategy based on PI2 being greater. The 

dynamic deflection of suspension has a small and acceptable deviation compared to 
passive suspension. On the indicator of the tire dynamic load, the fuzzy control strategy 

based on PI2 performs slightly better, indicating a slight improvement in vehicle 

operation stability. 

Table 4. Comparison of Performance Indexes of Suspension on Various Grades of Road at 90Km/h 

Control Strategy  Body vertical 
acceleration /m s-2 

Dynamic 
deflection/m 

Tire dynamic 
load/N 

 Class A road 

Passive Suspension  0.962 0.0135 312.1 
Fuzzy Control   0.571 0.0141 328.8 

Fuzzy Control based on 
PI2  0.373 0.0152 299.1 

 Class B road 
Passive Suspension  2.009 0.0263 624.2 

Fuzzy Control   1.094 0.0287 656.1 
Fuzzy Control based on 

PI2  0.730 0.0291 596.9 

 Class C road 
Passive Suspension  4.058 0.0537 1248.2 

Fuzzy Control   2.426 0.0576 1411.4 
Fuzzy Control based on 

PI2  1.995 0.0589 1234.8 

 

5. Conclusion 

In summary, the following conclusions can be drawn: 
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(1) Compared with passive suspension, semi-active suspension with fuzzy control 

strategy can improve vehicle smoothness; The fuzzy control strategy based on PI2 has 

better improvement effect than conventional fuzzy control strategy, and can slightly 

improve the stability of vehicle operation. 

(2) The fuzzy control strategy based on PI2 can ensure that the dynamic deflection 

of suspension is within an acceptable range and will not deteriorate excessively. 
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