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1. [bookmark: _Toc68651417]Introduction
In the process of driving fuel cell vehicle (FCV), the strategy of fuel cell air supply system affects the overall output characteristics of FCV. Due to the delay between the supply of gas and the generation of electric energy in the fuel cell system, and complex road conditions in the driving process of the vehicle, it is particularly important for the vehicle to control the air intake flow stably, accurately and fastly to meet the demand of FCV output power. What’s more, Sudden changes in oxygen demand, such as start-up and load changes, and excessive water content will make oxygen insufficient. Untimely or insufficient fuel supply will lead to the reduction of electrochemical reaction efficiency of fuel cells. At the same time, the phenomenon of low fuel concentration on the surface of proton exchange membrane, will cause serious damage to the electrochemical catalyst, electrode and proton exchange membrane inside the fuel cell, greatly reducing the lifecycle of the fuel cell. Therefore, the efficient control of air supply system has become a research hotspot in the field of FCV. 
At present, many researchers have proposed the modeling method and control strategy of air supply system. In the aspect of fuel cell system modeling, in order to fully reflect the response characteristics of gas supply system, the modeling of fuel cell and its auxiliary components is generally considered. In terms of control strategy, PID algorithm or improved PID algorithm is widely used in the control strategy of fuel cell air system now. Junbo Hou et al. (2020) mentioned the application of PID control on air supply system in his literature review[1].
For the control of air supply system, the key is to control the oxygen excess ratio ensure the best range of pressure and flow, and avoid oxygen starvation. In order to realize the stable operation of fuel cell system, based on the air system model, it is necessary to study the control strategy. Based on the research of model control, the early research mainly used linear controller to control the air pressure, flow or oxygen excess ratio.S. Rodatz proposed a linear quadratic Gaussian controller to decouple the pressure and flow, and achieved good control effect. Later, A. Di Domenico et al. developed a feedforward control algorithm using a multivariable linear quadratic regulator. Na and B. Gou designed a nonlinear controller based on feedback linearization using a simplified fuel cell stack model. However, the air system model is ignored, which may have a great impact on the performance of the fuel cell system. J. K. Gruber et al. realized this problem in later research, and added the air supply system model to the model predictive control. It is found that the model predictive control has good performance under the accurate model. But it is difficult to obtain the accurate model of the system.
The intent of this research is to explore the possibility of applying more efficient control strategy, except traditional PID control algorithm, in fuel cell air supply system. The planned research will benchmark against PID control algorithm, giving the ability to measure comparative change when investigating other potential control strategies that are not common practice. Whilst, from existing literature, it is clear which control strategies are employed, there is limited information on those that are not, and the reasoning behind their lack of implementation. By completing the proposed research, conclusions can be drawn, and evidence presented as to the limitations, as well as benefits of some of these differing control strategies, to inform future research by others. More specific areas of the research shall be discussed in section 2.0. 


















2. [bookmark: _Toc35341306][bookmark: _Toc68651418]Project Relevance to Industry
With the increasingly prominent environmental and energy problems, new energy vehicles have become the research hotspot of the world's major automobile manufacturers and R & D institutions. Because of high efficiency and near zero emission, FCV is generally considered to have broad development prospects among them, as detailed by (Jianqiu Li, 2014)[2].  
Proton exchange membrane fuel cell (PEMFC) system is a complex chemical reaction process with multi-input and multi-output, multi-phase cycle, strong nonlinearity, strong affinity and so on. Its control belongs to complex process control. The performance of the battery will be affected by the stack operating temperature, pressure, air and hydrogen reaction gas flow, humidity and exhaust emissions and other main operating parameters. The state of its internal components and external operating conditions are also crucial to the long-term stable operation of the system. In order to improve the performance of the stack, it is necessary to control these parameters.
For the control of hydrogen flow, air flow, cathode pressure, humidity and output current, the most commonly used PID algorithm can meet most of the performance requirements. However, PID algorithm has its own limitations. For example, the driving condition of the car is very complex. Using PID algorithm cannot meet the needs of dealing with complex conditions, and cannot guarantee the stability, accuracy and rapidity of the system response.
In order to meet the requirements of vehicle driving conditions and vehicle fuel cell intake, exhaust and power, it is necessary to study the control algorithm other than PID algorithm or improve PID control algorithm as the control strategy of PEMFC system. A good control strategy can reduce the fuel consumption of the vehicle, make the life cycle of the fuel cell engine longer, and make the driver get better operation performance.
In the world's automobile sales, the proportion of internal combustion engine vehicles is still the largest, while the proportion of new energy vehicles is relatively small. In the sales of new energy vehicles, pure electric vehicles account for much more than fuel cell vehicles. In fact, due to the difficulty of hydrogen production and the incomplete consideration of control strategy of fuel cell system, fuel cell vehicles are difficult to put into practical use. At present, Toyota is a better company for fuel cell vehicles, and its representative model is Mirai. Akio Toyoda, President of Toyota group, said that because most of the electricity is generated by burning coal and natural gas, it does not necessarily help the environment. The fuel cell internal combustion engine of fuel cell vehicle generates electricity through more environmentally friendly hydrogen, so the control strategy of vehicle fuel cell system has research significance and development prospect.
At present, more research institutions or universities are engaged in fuel cell research. For example, Chen Guilan and others adopted PID control algorithm to achieve stable pressure control by adjusting the intake and exhaust flow through mass flow controller.
The areas of expected research are as follows, and sections 3 and 4 provide more detailed information on the methodology to be used and the outputs to be measured:
1. According to the existing literature and some experimental conditions,  build the model of fuel cell stack and its auxiliary components by using Matlab / Simulink to study the response characteristics of fuel cell.
2.Use the traditional PID algorithm as the control strategy of the fuel cell system. In contrast, a new control strategy is designed to get better control effect. Analyse the influence of control strategy on the response characteristics of fuel cell.
3. The actual test is carried out to verify the response characteristics of the above model and the accuracy of the control strategy.









[bookmark: _Toc68651419]3.Literature Review
In this chapter, the model of fuel cell system, the factors of response characteristics and control strategies are reviewed.
[bookmark: _Toc68651420]3.1 Fuel cell system modeling
In the research process of PEMFC, the establishment of mathematical model to simulate its working process is a useful supplement to the experiment, which can increase the understanding of the battery performance on the basis of the experiment, so as to optimize and improve it, so as to achieve the goal of improving the battery performance and reducing the operating cost[3]. Mathematical models are mainly divided into mechanism model and empirical model. The mechanism model is a mathematical description of the equilibrium relationship between the main factors according to the interaction mechanism of the main factors under certain assumptions. The mechanism model of PEMFC is generally a mathematical model based on reasonable assumptions, using the basic conservation law, mass and heat transfer equation and electrochemical reaction equation, combined with the internal characteristics of fuel cells [4]. The mechanism model needs the simultaneous solution of multiple equations, which is generally more complex. The empirical model is relatively simple and does not consider the internal structure parameters of the battery. Based on the experimental data, the equation is fitted according to the volt ampere curve obtained from the experiment. The parameters in the equation have certain physical significance as far as possible. The mechanism model is more suitable for the internal research of fuel cell, and the empirical model is more suitable for the system level research [5]. In addition, there is a semi empirical model combining mechanism model and empirical model, which has the advantages of both and can be discussed in the empirical model [6]. Aiming at the problems of insufficient approximation ability and poor adaptability of existing PEMFC models, researchers proposed a modeling method based on dynamic neural network [7]. 
As a complex system, fuel cell has a large amount of modeling work, so it is difficult to model the whole system directly. It is an effective research method to divide it into several subsystems and study them separately, and then combine the subsystems into a large system. At the same time, the performance of PEMFC system depends on the performance of each subsystem. Modeling each module separately is also conducive to the adjustment and optimization of each module. The structure of fuel cell system is shown in the figure. Generally, according to the structure and functional characteristics of PEMFC, it can be divided into five subsystems: fuel cell stack, air supply, hydrogen supply, water management and heat management. The following is a literature review of fuel cell stack, air supply system and hydrogen supply system.
[image: ]
[bookmark: _Toc35341329]Figure 1 – The Structure of Fuel Cell System
[bookmark: _Toc68651421]3.1.1 Fuel cell stack model
The semi empirical model is often used in the voltage model of fuel cell stack. The most classic semi empirical model is the SSEM model of amphlett, which takes into account the voltage loss of fuel cell, as shown in the figure below.
[image: ]
Figure 1 – SSEM Model
The mechanism modeling of PEMFC is much more complex. Springer [12] and Nguyen [13] considered the water and heat transfer properties of the membrane, and reasonably explained the phenomena of water diffusion, electroosmosis, and evaporation and condensation of water in the flow channel, thus obtained a mechanism model of membrane impedance, and then obtained the battery voltage model. Zhang Yingying et al. Combined the mechanism and experience modeling methods well, improved the model of membrane impedance, and obtained a flexible and more accurate model. The validation of several groups of PEMFC experimental data shows that the model can accurately predict the impedance of various Nafion 117 films in a certain range of current density, and is suitable for different reaction areas and different characteristics Nafion point [14].
[bookmark: _Toc68651422]3.1.2 Air supply subsystem model
The air compressor is the most power consuming component in the fuel cell auxiliary system. The optimization of the stack and air supply subsystem has always been a research hotspot, in order to realize the accurate control of the cathode oxygen flow in the stack and avoid the phenomenon of oxygen starvation or oxygen saturation. The essence of oxygen starvation is that the flow rate of oxygen is too low and the oxygen supply in the stack is insufficient, which leads to the decrease of the output power of the fuel cell system. At the same time, there will be "hot spots" on the surface of the proton exchange membrane, resulting in the short circuit of the stack and reducing the service life of the stack. On the contrary, if the oxygen saturation occurs at the cathode, that is, the flow rate of oxygen supplied to the cathode exceeds a certain limit, it will not only reduce the power consumption of the stack Output voltage, and it will increase the power consumption of peripheral equipment, resulting in the net output power of the stack reduced [10,15].
[bookmark: _Toc68651423]3.1.3 Model of hydrogen supply subsystem
In general, the performance of fuel cell system is greatly affected by its working pressure. The selection of excess air coefficient needs to take into account both fuel economy and system dynamic performance. At present, the model research of air supply subsystem is mostly based on the research of air compressor [10]. Gelfis et al. Analyzed the dynamic characteristics of fuel cell air supply system under high pressure and low pressure respectively: under the same power condition, the low-pressure air supply system is characterized by low parasitic power and high efficiency, but the quality must be low, and the high-pressure system is just the opposite [16]. Pukrushpan gave a semi empirical model of stack voltage, simulated the dynamic characteristics of air compressor, and proposed a relatively complete stack model and air subsystem model [17]. Li Qi et al. Proposed H∞ robust control method based on multi-objective adaptive focusing particles warm optimization (AFPSO) algorithm and established mechanism model of air supply system [18]. Hu Mei and others deeply studied the dynamic characteristics of air compressor by using the mathematical model of compressor air volume, simulated and analyzed the specific situation of stack cathode pressure under different load current and different compressor control voltage. From the simulation results, the influence of compressor control voltage on stack cathode pressure is more obvious, and when the compressor control voltage is fixed (VCM = 220 V) When the load current is constant (IST = 220a), the higher the compressor control voltage is, the higher the cathode pressure is [15].
[bookmark: _Toc68651424]3.2 Control strategy of fuel cell system
Proton exchange membrane fuel cell (PEMFC) is a nonlinear time-varying system with multiple inputs, multiple outputs and uncertainties. Due to the influence of multiple parameters, its output characteristics are difficult to control. Many scholars have done a lot of research on this characteristic, and proposed a variety of control methods to control PEMFC from different angles to improve the net output power. The research progress in recent years is introduced below.
[bookmark: _Toc68651425]3.2.1 PID control
PID controller is the most extensive control law in industrial control, because of its simple and easy to understand characteristics, it is widely used in control system. The pressure, temperature and humidity of PEMFC system are also controlled by PID algorithm. The output current of the stack is controlled by PID algorithm controller. By analyzing the influence of step change of stack output current on stack output voltage, output power and stack efficiency, it is proved that the designed algorithm has good robustness and greatly improves the performance of PEMFC control system. Swain P [15] et al. Use matlab toolbox to obtain controllable and observable state space matrix of linearized system, and then use PID controller to control the pressure difference between hydrogen and oxygen. The simulation results show that the designed controller can maintain the pressure difference between hydrogen and oxygen in a certain range and achieve the control effect. However, due to the poor adaptability and anti-interference ability of the controller, the system controlled by PID algorithm is easily affected by interference, so it is not suitable for complex systems with large disturbance and high control performance requirements. Therefore, intelligent control is gradually widely used.
[bookmark: _Toc68651426]3.2.2 Other control strategies
Neural network is a highly nonlinear system. Neural network control is an intelligent control method, which is widely used in control system because of its self-organization, self-learning and adaptive ability. It is suitable for the control analysis of PEMFC. Ge Fuzhen [16] and others used fuzzy neural network control algorithm to control the humidification system according to the humidity characteristics of PEMFC. According to the relationship between the average single chip voltage of the three parts of the inlet area, the middle area and the outlet area, the fuzzy rule was established. The rule was applied to the neural network structure to improve the working performance by controlling the anode humidification temperature. Experimental data analysis shows that the designed humidity control system has good control effect. Rvinu [17] and others designed the voltage output feedback controller, which uses the neural network feedforward controller with the optimization technology of harmony search algorithm to control the output voltage. By comparing the effect of the designed controller with the neural network feedforward controller, it shows that the output result of the controller is closer to the reference voltage. By evaluating the integral square error, integral absolute error and integral time weighted absolute error, the performance of the designed controller is compared. The results show that the controller has the smallest system error and the best performance. According to the temperature characteristics, Guoli [18] designed a BP neural network temperature controller. The controller has good control performance, and the model accuracy is not high. The simulation results show that the BP neural network temperature control system has good robustness and temperature control performance.
The model predictive control adopts a kind of optimal idea, adopts multi-step test, rolling optimization and back correction control strategy, has better control effect, so it is suitable for complex and difficult to establish accurate mathematical model of the system. Luo Chao [19] uses a predictive control algorithm based on T-S fuzzy model to control the temperature of PEMFC, and uses T-S fuzzy modeling method to transform the nonlinear system into a linear time-varying system. The experimental results show that the fuzzy predictive control can better meet the control requirements of the system in the temperature control system of PEMFC, and verify the effectiveness of the algorithm. Chen Xuelan [20] deduced and established a semi empirical steady-state model of stack voltage from the mechanism. Considering the nonlinearity and constraints of fuel cell air intake system, a predictive control algorithm based on linear variable parameter model (lpv-mpc) is proposed. Aiming at the problem of unmeasurable state, Kalman filter is added to lpv-mpc algorithm, and the variables to be measured are determined by observability analysis. Compared with linear MPC and mechanism model-based nonlinear predictive control (NMPC), the effectiveness and feasibility of the algorithm are verified when the fuel cell load changes in a large range. Jian Qifei [21] et al. Aimed at the 2kW proton exchange membrane fuel cell power system of a small fuel cell electric vehicle, established its voltage output characteristic model by using BP neural network optimized by genetic algorithm, trained part of the measured data of PEMFC as the training sample of BP neural network optimized by genetic algorithm, and predicted the voltage output characteristic of the stack by using the trained neural network The results show that the maximum relative error between the predicted output voltage and the measured output voltage is within 4%. In order to achieve the maximum efficiency of fuel cell operation, costalopes FD [22] designed a predictive voltage controller, which adopted the system identification modeling method of nonlinear autoregressive and external input and output error neural network, and obtained the black box model of PEMFC stack for predictive control system. The experimental data show that the designed controller can accurately predict the voltage and realize real-time prediction.
Sliding mode control has the advantages of strong robustness, fast response speed, low requirement for the accuracy of the mathematical model of the system, insensitivity to parameter perturbation and external disturbance, easy implementation and simple computer implementation. Smrakhtala [26] designed a high-order sliding mode observer to provide the peroxide ratio in an unmeasurable state. By applying the second-order sliding mode, the breathing of PEMFC is controlled by super torsion and suboptimal controller. The results show that the designed controller has good tracking performance. Zbaroud [27] proposed a sliding mode controller for the air supply subsystem of proton exchange membrane fuel cell (PEMFC) to adjust and supplement the oxygen consumption of fuel cell cathode when the load changes. According to the stack current, the reference value of air flow is obtained by steady-state analysis of oxygen over ratio. In order to ensure that the system works at the reference value of peroxide ratio, sliding mode control is proposed to control the air flow by adjusting the air compressor voltage. The simulation results show that the control method has good anti-interference performance and uncertainty suppression. A. Pilloni [28] and others noticed that the oxygen excess ratio should not be simply controlled at 2. Based on the observer output feedback control, a sliding mode control method was proposed to obtain an appropriate constant of oxygen excess ratio. However, this constant is not the highest corresponding value of net power of fuel cell system, because he did not consider the energy consumption of auxiliary equipment such as air compressor. Slaghrouche [29] proposed a Lyapunov based robust and adaptive high-order sliding mode (HOSM) controller for the gas supply system of polymer electrolyte membrane fuel cell, which is a nonlinear single input single output system with bounded uncertainties. A more complete adaptive high-order sliding mode control based on Lyapunov is proposed for the first time. The comparison shows that the controller has better performance.
Robustness means that the structural parameters of the control system are perturbed in a certain range, and can still meet some performance indicators. In recent years, the design of robust controller has become a research topic for researchers at home and abroad. Wang FC [30] and others designed robust controllers for proton exchange membrane fuel cell system, aiming to use the same controller in different models. The experimental results show that the designed robust controller can be directly implemented on different PEMFC modules, the hydrogen efficiency can be increased by 1.4%, and the root mean square error of PEMFC voltage can be reduced by 93%. The general controller can be applied to all PEMFC modules in industrial production line. Yang B [31] proposed a cascade controller for the output power tracking problem of proton exchange membrane fuel cell (PEMFC), which is composed of a multi input multi output robust nonlinear non interactive controller and a nonlinear disturbance decoupling structure. The simulation results show that good tracking performance can be obtained by decoupling the two performance indexes. In addition, the influence of parameter uncertainty can be offset by nonlinear compensator. Amohammadi [32] proposed a signal-based PEMFC robust model for the problems of slow dynamic response and complex model of PEMFC. The experimental results were compared with different types of vehicles to verify the reliability of the model and good robustness.

















[bookmark: _Toc68651427]4. Research Methodology
This chapter introduces the research methods and solves the three research contents proposed in the third chapter.
[bookmark: _Toc68651428]4.1 Mathematical Modeling
Firstly, mathematical modeling of multi fuel cell system is needed.
[bookmark: _Toc68651429]4.2 Control Strategy Design
According to the test bench of Wuhan University of technology, the mathematical models of fuel cell stack, air compressor, humidifier, cooling device and other auxiliary components are established.
The mathematical model of the fuel cell can be obtained from the reference of the manufacturer. On this basis, the model is improved to meet the response characteristics of the test bench.
This part of the work will be completed in Matlab / Simulink, and the response characteristics of the final mathematical model depend on the structural parameters of the test bench.
[bookmark: _Toc68651430]4.2.1 Traditional PID control
PID control is the most traditional industrial control method. PID controller is the most extensive control law in industrial control. Because of its simple and easy to understand characteristics, it is widely used in control system. The pressure, temperature and humidity of PEMFC system are also controlled by PID algorithm. PID control can be used as a reference object, and other control strategies can be compared with PID control strategy, so as to evaluate the effectiveness of the new control strategy.
The specific operation is to use PID control to control the speed of the air compressor or the opening of the back pressure valve to change the response characteristics of the fuel cell system.
[bookmark: _Toc68651431]4.2.2 Improvement of PID control
Because the working conditions of the fuel cell system used in automobile are complex and changeable, the traditional PID can not meet the requirements of automobile, so it needs multi PID control to improve.
The specific measures are similar to the traditional PID control. The improved PID control strategy is used to control the speed of the air compressor or the opening of the back pressure valve. The weight factors of integral, differential and proportion of PID control algorithm can be adaptively improved by using other algorithms to adapt to the changing working conditions.
[bookmark: _Toc68651432]4.2.3 Other control strategy
Due to the poor adaptability and anti-interference ability of PID controller, the system controlled by PID algorithm is easily affected by interference, so it is not suitable for complex system with large disturbance and high control performance requirements. Therefore, intelligent control is gradually widely used.
Neural network is a highly nonlinear system. Neural network control is an intelligent control method, which is widely used in control system because of its self-organization, self-learning and adaptive ability. It is suitable for the control analysis of PEMFC. The model predictive control adopts a kind of optimal idea, adopts multi-step test, rolling optimization and back correction control strategy, has better control effect, so it is suitable for complex and difficult to establish accurate mathematical model of the system. Sliding mode control has the advantages of strong robustness, fast response speed, low requirement for the accuracy of the mathematical model of the system, insensitivity to parameter perturbation and external disturbance, easy implementation and simple computer implementation. Robustness means that the structural parameters of the control system are perturbed in a certain range, and can still meet some performance indicators. In recent years, the design of robust controller has become a research topic for researchers at home and abroad.
Using the above intelligent algorithm, the response of the fuel cell system can be better. The operation measures are similar to the above, and the specific measures need to be changed according to the control strategy adopted.
[bookmark: _Toc68651433]4.3 Experiment
The designed control strategy can be uploaded to the ECU of the control test bench. Under the influence of the designed algorithm, ECU makes judgment according to the signal obtained by the sensor, and sends the control signal to the actuator of the control system, such as air compressor and various valves.
The response characteristics of the test bench are recorded and compared with the theoretical model and control strategy. Verify the correctness of the theory.
























5. [bookmark: _Toc68651434]Results Collection & Analysis Methods
The data obtained will be quantitative, in which the structural parameters of the fuel cell system model are obtained by the manufacturer and actual measurement. The preliminary model may not be completely consistent with the test bench, so it is necessary to analyze the reasons for the inconsistency and improve the model. Most of the data in this study come from the information monitored by the sensor in the actual test.
Current variation during transient
Voltage variation during transient
Power variation during transient
Temperature of intake and exhaust gas
Humidity of intake and exhaust gas
Flow of intake and exhaust gas
Air pressure of intake and exhaust
The above parameters are helpful to improve the model and analyze the correctness of the control strategy. Other required parameters may need to be added according to the actual situation.















6. [bookmark: _Toc68651435]Project Planning/Timescales
From 01/04/2021 to 31/05/2021, model the fuel cell system and its auxiliary components in the Matlab/Simulink and finish the PID control.
From 01/06/2021 to 31/07/2021, design new control strategy, compare them with traditional PID control, and analyse its effect.
From 01/08/2021 to 15/08/2021, finish the experiment and the master’s project.

































7. [bookmark: _Toc68651436]Evaluation
It is believed that the master's project will be of great value in the field of automotive engineering. As mentioned above, the research on control strategy of vehicle fuel cell engine is a very novel topic. However, due to the early research direction, there is little scope to investigate these areas.
By using methods that have been widely used in the industry, it is hoped that the project can be considered to be carried out in a robust manner, which means that the results obtained can be considered to be effective and increase the existing knowledge about the subject area. That is to say, it is recognized that the methodology used should continue to be reviewed throughout the project to ensure that the most relevant approach is adopted and that other unfamiliar approaches are not allowed to be abandoned in favor of current practice.
It should be noted that the proposed study has limitations. At present, the limitations are as follows:
First, the main weakness of the study is due to the limited resources and facilities of the University. At present, the laboratory is still under construction, and it is uncertain whether it can be put into test.
Secondly, many hypotheses are used in the study, which may lead to the results can not fully reflect the real situation of the car driving.
Third, the design strategy used is not necessarily perfect, but also needs to consider the actual situation of the car design.
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