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Abstract

The hydrogen fuel cell is rapidly attracting research interest for its potential in power generation and electrified transportation. The fuel cell stack (FCS) is a complex system comprising multiple coupled subsystems, and in order to maximize the utilization of an FCS, the system-level design and control can be optimized through modeling, data-based analytics and monitoring. To this end, a systematic overview of the system architecture and control of hydrogen fuel cells is provided in this review, with focus on integration and intelligence. Firstly, the fuel cell subsystems, namely the cathode, anode and cooling loops are reviewed, where their respective control methods and impact on FCS performance are discussed. DC/DC converters are another core component of FCS, and we present an overview of fuel cell DC/DC converter topologies and integrated control of DC/DC converter and air compressor. Finally, the system-level integration of fuel cells in power systems is surveyed. In the conclusions, we discuss the challenges and perspectives concerning the integrated architecture and intelligent control for FCS, including cohesive dynamic models, data-based approaches, and integrated hardware architecture.
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Introduction
Targeting a carbon neutral future, which the United Nations sets to achieve by 2050, renewable energy is taking up large market shares in stationary power generation and electrified transportation sectors [1]. It is a consensus in society to endeavor towards achieving the carbon neutral goal with a renewable energy-based closed loop, where hydrogen can play a significant role as a media to connect energy generation and utilization as shown in Figure 1. In the proposed renewable energy ecosystem comprising fuel cells and large-scale wind and solar power generators, the electricity generated can be used for feeding to the grid, while the redundant power can be adopted to an electrolyzer for generating hydrogen to compensate for the unpredictability of wind and solar energy. The hydrogen from renewable energy sources, referred to as the green hydrogen, is supplied to fuel cells for stationary and transportation applications.
	[image: thumbnail]	Figure 1 Hydrogen-based energy ecosystem.




The significance of hydrogen has attracted much attention globally and efforts were paid to promote its adoptions. The hydrogen exhibition center in Shanghai has presented a hydrogen electricity-thermal co-generation system with efficiency up to 80%–90%. Hydrogen fuel cells were also applied in heavy-duty mobility applications, such as urban buses and logistic vehicles. With high energy content by mass nearly 3× more than Li-ion batteries, hydrogen fuel cell compensates for the disadvantages of Li-ion batteries of long charging time and low operating range. China is targeted to grow the number of fuel cell vehicles to 30 million and hydrogen fuel cell stations to 12 thousand by 2050. In terms of cost, the United States Department of Energy is targeting reducing the price of fuel cell systems below $30/kw and hydrogen cost at the pump below $4/kg [2]. As a vital part of the global initiative towards hydrogen societies lead by the United Nations Industrial Development Organization, fuel cell technology has received great research interest.
A fuel cell receives hydrogen in the anode side and oxygen in the cathode side, where the hydrogen and oxygen react by exchanging the protons through the fuel cell membrane and letting the electrons go through the outside circuits. The core parts of the fuel cell, namely the catalyst, membrane, gas diffusion layer (GDL) and the fuel cell assembly have received great attention in both academia and industries.
Besides the above-mentioned fuel cell components, a functioning FCS is a complex system with multiple subsystems to provide desirable conditions for fuel cells to work optimally. Moreover, the output of an FCS is soft and unregulated due to the various voltage losses and slow internal dynamics. Therefore, to deliver the regulated power to a load, a DC/DC converter is indispensable to condition the outputs of an FCS. Finally, when the FCS is connected to an energy system, the control strategy of an FCS may require extra design efforts to optimize its operating characteristics. This study provides an overview on fuel cells at the module level, power conditioning level, and energy system level. In particular, this study endeavors to reveal the efforts of achieving more integrated and intelligent fuel cells systems at these levels through modeling, data-based analytics, control strategies, monitoring, and fault detection.
At the fuel cell module level, there are three main loops, namely the anode loop, cathode loop, and cooling loop. The anode loop controls the hydrogen supply, where the main duties are regulating the pressure at the anode side with a pressure valve and preventing nitrogen and water accumulation using an appropriate purging strategy. The cathode loop involves an air compressor to deliver the needed oxygen. Due to the relatively slow dynamics of air compressors, the insufficient oxygen supply in the cathode could happen when the fuel cell is subjected to fast-changing load demands. Therefore, this study provides a detailed review on previous studies on cathode loop modeling and control strategies of oxygen supply at the cathode side. The cooling loop of an FCS is in charge of the temperature regulation through the cooling pump, fans, and valves. Generally, a higher temperature helps to improve the efficiency of the stack. However, when the temperature excesses the maximal level, the drying condition would occur on the membrane and may lead to severe performance degradation. Therefore, a discussion on the optimal temperature setpoint and corresponding control approaches is given in this study. In Figure 2, the schematic of the fuel cell system is given, which shows the logical relationship of the subsystems. As is demonstrated in the schematic, heat, water, and air are transmitted across the various loops of the fuel cell stack. From a system performance perspective, the state of the subsystems has a joint influence on the state of the stack, including but not limited to the pressure difference between the cathode and anode subsystem, the overall management of the water generated from the stack and the water from the cooling subsystem, and the heat transfer across the subsystems. Therefore, the aforementioned subsystems require an integrated management approach in both the hardware and software level to function in a cooperative manner.
	[image: thumbnail]	Figure 2 Schematic of the fuel cell stack.




This study also presents an overview of the fuel cell interconnecting DC/DC converters, where different topologies were explored to fit the low-voltage high-current characteristics of an FCS and minimize the switching ripples to extend the lifetime of an FCS. Moreover, there is great interest across both academia and industries on incorporating electrochemical impedance spectroscopy (EIS) function into the DC/DC converter, which enhances the intelligence to the FCS systems with advanced diagnostic capabilities. Dedicated reviews and discussions are presented in this study on this topic. Finally, the integrated control of the DC/DC converter and air compressor of an FCS is discussed to improve the fuel cell performances from a system perspective.
In the final part of this study, the FCS utilization in power systems is presented, where the control task is partitioned into two layers based on the time scale, namely slow timescale scheduling and fast timescale energy management. The scheduling is performed by minimizing the operational cost over a certain period of time, while the energy management minimizes the hydrogen fuel consumption with the assistance of energy storage. Accordingly, reviews and discussions are presented for each layer.
This study gives an overview on fuel cells from lower to higher levels and special considerations are given to the advancements and benefits brought by intelligence and integrated control approaches in FCS. In the following, working principles of the proton exchange membrane (PEM) fuel cell technique are reviewed. Then, the anode, cathode, and cooling loops of an FCS are presented. In the next section, a review on the fuel cell DC/DC converter is given, followed by an overview on the integration of hydrogen power generator into power systems. Finally, conclusions are given and future perspectives are discussed.
Fuel cells at module level
Working principle and modeling of fuel cells
The core component of a PEMFC is the membrane electrode assembly (MEA), which is sandwiched by the anode and cathode as shown in Figure 3. The hydrogen is supplied to the anode and the oxygen is supplied to the cathode, while the hydrogen and oxygen react through the membrane. A stack is made up of multiple cells connected in series. The reaction of hydrogen and oxygen in an FCS generates electric power and heat when the hydrogen and oxygen supply are ample [3, 4].
	[image: thumbnail]	Figure 3 Fuel cell sandwiched structure.




In the electrochemical reactions, the hydrogen oxidation takes place at the anode side and is given by [image: equation]. The successful reaction at the anode side depends on the Pt catalyst, where it is noted that a more effective and cheap substitution is an active research field in fuel cell chemistry to lower the overall cost of manufacturing. The newly formed protons H+ permeate through the PEM to the cathode side, while the electrons travel to the cathode side through external circuits, generating the electrical output of a fuel cell. The oxygen reduction reaction takes place at the cathode side and is given by [image: equation]. Combining the reactions at both sides, the overall electrochemical formula of an FCS can be summarized as [image: equation].
Theoretically, the maximal achievable efficiency of an FCS is 83% at the stack temperature of 298 K calculated from Gibbs free energy equation. However, in practice, an FCS suffers from three main voltage losses, named ohmic ηohm, activation ηact, and concentration ηtrans losses. Firstly, the ohmic loss is caused by the electrical resistance of the cell components, including the electrolyte, the catalyst layer, the gas diffusion layer, bipolar plates, interface contacts, and terminal connections. The activation loss arises from driving the electrochemical reaction on the catalytic surface and is dominant in lower current density regions. Finally, the concentration loss, also referred to as mass transport loss, comes from the changes in reactant concentrations at electrode surfaces, is nonlinear with the fuel cell outputs, and is more prevalent in high current densities. Thus, the output voltage of a fuel cell Ecell is formulated as EOCV - ηohm - ηact - ηtrans, where EOCV denotes the open cell voltage of the FCS. The FCS output voltage-current curve, referred to as the polarization curve, is commonly used to reveal the output characteristics, where a demonstration is shown in Figure 4.
	[image: thumbnail]	Figure 4 Fuel cell polarization curve.




Modeling of fuel cells
In the research of PEM fuel cells, there is great interest in establishing a reliable and accurate fuel cell model to facilitate the understanding of fuel cell characteristics and implementation of control strategies. When designing and integrating fuel cell-based systems, such as a hybrid fuel cell powertrain, the fuel cell output characteristics are needed for interactions with a DC/DC converter and energy storage. Therefore, model identification techniques were applied to reveal the fuel cell output characteristics, where load stepping was used in ref. [5] and the sinusoidal signal of EIS was adopted in ref. [6]. Parameter estimation is a popular technique adopted to determine an accurate parametric model based on known model dynamics [7, 8]. For instance, the following parameter optimization algorithm can be introduced [9]:
[image: equation]
where y is the objective function, Vsm is the experimental voltage, Vs is the voltage calculated by the existing parameter model, J is the number of the experimental data points, and ξ, Rc, b represent parametric coefficients relating to the activation voltage, the equivalent resistance of the membrane, and the mass transport voltage loss coefficient, respectively.
In the aforementioned literature, the model identification approach is able to reveal the static and dynamic performance of an FCS. On the other hand, a degradation model of FCS was proposed in ref. [10] to include degradations in an EIS-identified impedance-based model. It was pointed out in ref. [11] that the model of an FCS is subject to change during its runtime, therefore, a neural network (NN) based online identification approach was developed to be used in conjunction with predictive controllers.
In general, there are two types of fuel cell models, namely physical and empirical models. The physical model is constructed by using the laws of chemical and thermodynamical reactions and requires deep knowledge of the fuel cells. A widely adopted physical PEMFC model based on electrochemical principles was introduced in ref. [12]. A detailed model of PEM fuel cells was outlined in ref. [13] with explicit equations. The biggest drawback of a physical model is its complexity, which requires large computational resources limiting its applications in real-time. To address this, many efforts were paid to suitable models to be implemented with hardware-in-the-loop (HIL). A multiphysics cell-level 1-dimensional dynamic model was proposed in ref. [14], where a ‘top-down’ modeling approach is adopted, covering electrical, fluidic, and thermal domains. A demonstration of this model adopted in fuel cell emulation was presented in ref. [15] using a buck converter to emulate the electrical output of an FCS. To further reduce the computational burden, a simplified model was proposed in ref. [16] by combining the states of middle homogenous cells. Furthermore, a real-time applicable model was proposed in ref. [17], which uses a single-cell model considering electrical and thermal layers in addition to a stack cell interface model. From the fuel cell system perspective, control-oriented FCS models were proposed in refs. [18-20].
Another difficulty of adopting a physical model in practice is that the parameters required may not be readily available from the datasheets. Uncertainties in the parametric model could greatly impact its accuracy. In comparison, an empirical model is relatively simple and requires less information about the stack, making it more suitable for implementation. Aiming to find a suitable model for power electronic interaction, simplified empirical models were developed in ref. [21], where the models consider stack level only and curve fittings were applied to attain unmeasurable parameters. Moreover, NNs were also used for modeling FCS in ref. [22], where minimal knowledge and information of the fuel cell are needed, and accurate behaviors can be provided.
Cathode loop
The cathode loop is composed of the air compressor, intake manifold, humidifier, cathode flow field, and outlet manifold. The most significant part of the cathode loop is the air compressor, which blows the air into the intake manifold. Most air compressors are made up of a reciprocating piston, and a rotating blade or a rotating screw. Of all types of air compressors, the centrifugal ones are widely adopted. The manifolds, both intake and outlet, connect different cathode loop components. The humidifier is usually located between the intake manifold and the cathode input flow field, and its function is to increase the humidity of the intake air to hydrate the membrane for better reactions. The cathode flow field is placed where the oxygen reduction takes place in an FCS. In the flow field, the flow and pressure of oxygen, nitrogen, and water vapor vary according to the progress of the reaction.
Principle of cathode air-flow control
Fuel cell air-flow control at the cathode side is one of the most significant and challenging aspects in fuel cell management. When the current demand alters drastically, it is necessary to ensure that abundant oxygen is supplied to the cathode by adjusting the air compressor appropriately. Otherwise, oxygen starvation would occur, leading to drying conditions and hot spots on the membrane. In the end, severe oxygen insufficiency would cause irreversible damage to the proton exchange membrane. Oxygen excess ratio (OER) is defined as the ratio between the oxygen supplied and the oxygen consumed, which is commonly adopted to evaluate the sufficiency of oxygen in the cathode. On the other hand, the air compressor consumes the largest amount of power among fuel cell auxiliaries, especially under high load conditions, where it can consume up to 30% of the total fuel cell output power [23]. Therefore, sufficient air should be supplied to avoid oxygen starvation and the air compressor should be controlled to reduce its power consumption at the same time. The main challenges associated with the cathode air supply are the dynamic limitations of the high-speed compressors and the immeasurability of the OER.
In the existing literature on air compressor control, one line of work aims to find the optimal reference for OER, while the other involves estimation of the OER and control towards its reference. To prevent oxygen starvation, a relatively high value, e.g., 2–2.5, is set as the fixed reference in refs. [24-27]. However, a fixed OER will not guarantee the optimal efficiency of an FCS under varying loads. Therefore, an optimized OER trajectory was proposed, where the trajectory was derived from experiments and curve fitting in refs. [28, 29]. The optimal OER from experiments may not always hold true when parameters vary, or when the air compressor and other components of the fuel cell degrade. To address this, the extremum seeking technique was adopted in ref. [30] for finding the optimal OER online.
Since the OER is not directly measurable, its estimation is conducted based on measurable variables. Observers were designed in refs. [26, 27] for estimating the OER in the closed-loop control implementation. A simplified model with the experimental curve fitting for calculating OER was proposed in ref. [31], which depends only on the air compressor mass flow rate and fuel cell current. In order to link the cathode loop control problem to existing control methods, a formulation of the control problem can be given as [32]
[image: equation]
where [image: equation] denotes the states of the cathode subsystem detailed in ref. [32], u denotes the control inputs, with um the compressor motor voltage, uA the back-pressure valve opening, and upv the proportional pressure regulator input. The measurement y includes the compressor inlet air flow rate Wcp, the cathode inlet and outlet pressures pca, in, pca, out, the anode inlet pressure pan, in, and the stack voltage Vstack. The control objective z=[SRc, pca, in, Δ p, Pnet]T includes the air stoichiometric ratio, cathode inlet pressure, the cathode/anode pressure difference, and the net power of FCS.
Air-flow control methodologies
(a) Linear feedback control. Linear control techniques were applied for the fuel cell air flow control. A linear observability technique was employed to include the FCS output voltage as a feedback signal in addition to the current feedforward signal, resulting in an improvement on transient oxygen regulation [24]. A diagonal linear control method was developed, and the controllability conditions for achieving desired fuel cell performances were presented in ref. [33]. The model of an FCS can vary under different load conditions and through its usage. Therefore, linear controllers with fixed parameters cannot guarantee the stability and optimal performance.
(b) Adaptive control. Adaptive control continuously estimates and updates control variables to fit the plant variations and unknown parameters over time [34-36]. A robust adaptive control method is proposed in ref. [34] with a closed-loop least squares parameter identification algorithm and closed-loop pole configuration to estimate and prevent oxygen starvation. A Lyapunov-based robust and adaptive high-order sliding mode controller is introduced in ref. [35] and an adaptive neural network (NN) control is applied in ref. [36].
(c) Model predictive control. Model predictive control (MPC) is an online optimization-based control strategy, which finds the optimal control variables by solving the optimization problem regarding a given cost function online. The MPC scheme is also applied to fuel cell air compressor control, where a constrained explicit MPC is proposed for a reduced computational effort in ref. [37]. In this study, both the prevention of air starvation and improvement of overall fuel cell efficiency are considered to form the cost function. To further reduce the computational burden, a linear MPC is proposed in ref. [38].
(d) Fuzzy logic control. The above-mentioned control approaches are primarily model-based, and their performances rely on the accuracy of the model to a great extent. Fuzzy logic-based control approaches can address a complex nonlinear system by developing appropriate fuzzy rules and the complete knowledge of the plant is not required, which makes it attractive in fuel cell control. The work of [39] applies the fuzzy method to the fuel cell air flow control loops, while in ref. [40], fuzzy logics were adopted in both finding the air compressor setpoint and regulating the air flow to the setpoints. A fuzzy-based output current feedforward is used with PI feedback to regulate the OER in ref. [41]. NN-based control approaches were also applied to the model identification and control enhancement of an FCS system. In ref. [42], an NN is adopted to identify and model the nonlinear fuel cell dynamic system, while in ref. [43] the neural optimal control (NOC) was proposed to both generate a direct model of the fuel cell plant and a control voltage output. A summary of control strategies for fuel cell air flow control is given in Table 1.
In addition to the control approaches, optimization techniques have been applied to derive an optimal operating point for the cathode loop with respect to energy efficiency [44, 45]. For instance, such an objective function can be constructed for the maximization of energy efficiency by deriving the optimal compressor speed N and current density J [44].
[image: equation]
where Pnet([N, J]), [image: equation], and ηel([N, J]) represent the net electric power, required net power, and the efficiency of the fuel cell system for the parameter set [N, J]. β and δ are the optimization weights. With the objective function, the optimization problem can be formulated as
[image: equation]
The constraints Nmin(J) and Nmax (J) can be approximated from the experimental compressor map. This optimization problem forms the basis for optimal net power air flow control. Following this optimization procedure, a reference compressor speed N* and reference current density J* can be given for each reference net power [image: equation], and reference tracking control can be implemented accordingly. A schematic of the various control strategies for the fuel cell is given in Figure 5.
	[image: thumbnail]	Figure 5 Schematic of control strategies for the fuel cell. (A) Linear feedback control; (B) model predictive control; (C) fuzzy logic control; (D) neural-based control.




On the other hand, water management is also critical for the operation of the cathode loop, and humidifiers are installed in the cathode loop to adjust the humidification of an FCS. Analytical physical-based models were proposed in refs. [46, 47] for estimating the water content. Gain scheduling control was used for fuel cell water content control in ref. [48], while a decoupled control was proposed in ref. [49] to control OER with an air compressor and regulate humidification of inlet air with supply manifold pressure.
Table 1 
Summary of control strategies for air flow control

Anode loop
Anode loop configurations
The anode loop, also known as the hydrogen supply system, is in charge of delivering needed hydrogen to the anode, where its structure can be classified into flow-through, dead-end, and circulation configurations as shown in Figure 6. The flow-through type is normally only adopted in research fields due to the poor fuel economy caused by constantly purging the unreacted hydrogen as exhausts.
	[image: thumbnail]	Figure 6 Different configurations of anode loop. (A) Flow-through configuration; (B) dead-end configuration; (C) circulation configuration.




In a dead-end configuration, the fuel economy is improved by closing the back purge valve. However, the nitrogen and water vapor would accumulate in the anode channel. The accumulation of nitrogen and water at the anode side would decrease the hydrogen concentration and even block the reactions. It was pointed out in refs. [50, 4] that a low hydrogen concentration rate would lead to carbon corrosion and even irreversible degradation of the catalyst at the cathode side. Therefore, it is necessary to maintain a proper hydrogen concentration and a purging strategy should be developed with consideration towards both the fuel economy and hydrogen concentration.
On the other hand, in the circulation configuration, unreacted hydrogen is circulated back to the reactor inlet using a paralleled hydrogen recirculating loop. This configuration significantly elevates the hydrogen utilization making it the most popular configuration in the industry. However, the installation of extra components in the circulation configuration would increase the system complexity and cost, and the reliability and limited-service time of the circulating pump under humidified conditions need to be considered. Therefore, improvements on the circulation components are needed to further promote its adoption. There are different ways of realizing the circulation loop, including a single hydrogen circulating pump (HCP) or ejector, or multiple ejectors in parallel, or the HCPs and ejectors in parallel. Among them, an HCP is the most popular choice. However, in practice, the HCP occupies a considerable amount of space and weight, as well as consumes a large amount of power, which is not conducive to the improvement of system power density. In contrast, the operation of the ejector does not require power, which is beneficial to the system efficiency [51]. However, its performance at low power is not guaranteed. Therefore, multiple ejectors in parallel or combining the ejector and HCP have been considered, where high-pressure and low-pressure dual ejectors were proposed in ref. [52] and a combination of an HCP and an ejector was established in ref. [53]. In industrial applications, the ejectors are integrated with proportional valves, air-water separators, sensors, and standalone controllers for performance enhancement and condition monitoring. Such integrated subsystem configurations facilitate the development of an intelligent and self-monitoring PEMFC system.
Anode loop control
From the previous section, it can be concluded that the configuration of the anode loop varies widely for each setup, and it is difficult to obtain a uniform dynamic model for the anode loop. Nevertheless, a number of literature have been presented on the control of specific anode loop configurations. Controlling of anode hydrogen pressure was discussed in ref. [32], where the control target is to regulate the pressure difference between the anode and cathode. With the proposed multivariable nonlinear control method in ref. [32], improvements on the transient performance were achieved compared with PI controllers. MPC method to control the purging to maintain a desirable cathode and anode pressure difference was presented in ref. [54].
The accumulation of nitrogen in the anode channel is one of the causes for the performance degradation of an FCS. A simplified analytical model of nitrogen diffusion was established in ref. [3] and the results showed that the accumulation of nitrogen would seriously dilute the hydrogen on the anode side. The concentration of nitrogen can be significantly reduced by purging at a small flow rate. A trans-membrane transportation model of nitrogen with neural networks was proposed and revealed in ref. [53]. Ref. [55] showed that the accumulation of nitrogen mole fraction in the anode side is approximately linear and can be used as a significant indicator for purge schedule. Therefore, the goal of the purging strategy is to maintain a proper hydrogen concentration, which is interchangeable to controlling the nitrogen concentration, as indicated in ref. [56] that when the hydrogen concentration is lower than 75%, the stack voltage will drop rapidly. To this end, ref. [57] proposed an anode nitrogen concentration observer to monitor the nitrogen concentration and developed a corresponding purging strategy to keep the anode hydrogen concentration above 75%. While ensuring the voltage stability of the stack, the hydrogen utilization rate of the system could be more than 99% in this work. Moreover, MPC was also applied for purge control to regulate both hydrogen concentration and pressure difference of cathode and anode in ref. [54].
Cooling loop
When an FCS generates electricity, it also produces heat as a by-product of the operation. In order to ensure efficient electrochemical reactions and extend the lifetime of an FCS, the stack temperature should be kept within an appropriate range. The change of temperature would cause the change of electrochemical reaction rate, as well as the evaporation and condensation of water in the reaction gas. Appropriately increasing the reaction temperature improves FCS system performance as the electrochemical reaction rate could be hastened. However, an over-increased temperature reduces the performance of the stack, and even affects the lifetime of a stack, by causing membrane drying, shrinkage, and even rupture. To this end, it is necessary to develop an efficient heat management subsystem to maintain a uniform temperature distribution at an optimal level throughout the reactor [58, 59].
Thermal management subsystem
The fuel cell thermal management subsystem includes a cooling water pump, radiator plus its fan, electronic thermostat, and positive temperature coefficient (PTC) heaters. The cooling water pump drives the coolant flow, while the radiator extracts heat from the coolant and the radiator fan provides airflow for accelerated cooling. On the other hand, PTC heaters provide heat energy to heat the stack when the cooling system temperature is too low. The heat management subsystem structures of a single and dual loop are shown in Figure 7, where the main difference is whether the fan and heater share the same loop.
	[image: thumbnail]	Figure 7 Cooling loop.




Lumped control-oriented models were proposed in refs. [20, 59], where the fuel cell was considered as a whole and the dynamics of the entire cooling loop was considered. For the temperature control of the stack, the stack is often regarded as a whole, that is, the temperature throughout the stack is assumed to be uniform. This assumption greatly reduces the calculation difficulty, but the accuracy of the calculation results will be affected. Therefore, the cathode flow channel was divided into thermal control volumes in ref. [47] ensuring the accuracy of the results, while the computational burden was limited to a reasonable level. More complex and sophisticated modeling of fuel cell temperature is given in previous sections on fuel cell modeling. With the increasing implementation of large-scale fuel cell systems such as fuel cell electric vehicles and residential combined heat and power systems, the heat transfer within the PEMFCs has also attracted research attention [60, 61]. In ref. [61], a 3D numerical thermal model was presented to analyze the heat transfer and adopted for predicting the temperature distribution in air-cooled PEMFCs.
Reference operating temperature
A key aspect of thermal management is selecting the optimal reference operating temperature. The reliability and the durability of the membrane, and the bounded stack temperature during transients in an FCS are ought to be taken into consideration. For thermal control FCS, the inlet coolant temperature is often regarded as the temperature inside the fuel cell. However, as the inlet coolant temperature is raised closer to the fuel cell temperature, a higher coolant flow is required to remove the heat and to maintain the same fuel cell operating temperature. Therefore, a higher pump power consumption is required. The trade-off between the temperature distribution effect and power consumption of the thermal management system should be investigated to obtain the optimized reference values of inlet coolant temperature and thus, generate the corresponding coolant flow rate. A series of numerical experiments have been conducted to generate an optimal coolant temperature path and its corresponding flow rate in ref. [62]. Conventionally, the stack is regulated to a constant temperature, according to the datasheet, under various load conditions. In refs. [63, 64], optimal temperature setpoints were derived from testing on open-cathode fuel cells, where the fan controls both temperature and air delivery.
Cooling loop control
The temperature change inside an FCS is a relatively slow process, and the true temperature inside of a fuel cell is not directly measurable. Control-oriented fuel cell thermal modeling was investigated in refs. [20, 59], as well as the temperature regulation under dynamic fuel cell load conditions. A thermoelectric generator was adopted in ref. [65] for regenerating electricity from the wasted fuel cell heat, which improved the overall system efficiency. In the most commonly adopted thermal management strategies, the radiator fan speed is applied to regulate the coolant inlet temperature, while the water pump speed is used to regulate the coolant inlet and outlet temperature difference. This control method can control the stack temperature within a reasonable range, however, due to the strong coupling between the water pump and radiator fan, the stack temperature will fluctuate greatly especially under dynamic load conditions. Therefore, a simplified open cathode FCS thermal model was proposed and the MPC control strategy was presented in ref. [66]. The simulation results show that the control scheme has good response speed and control accuracy for the fuel cell temperature. In order to study the nonlinearities in the thermal management system, ref. [67] proposed a model reference adaptive controller which shows superior performances compared with a linear feedback controller. Another work on applying adaptive control to fuel cell thermal management was proposed in ref. [68], which guarantees the stability of system. A model-based fault tolerant temperature control strategy was proposed in ref. [69] and the results show that the proposed approach can control the stack outlet temperature towards an error limit of ±0.5℃C, as well as providing the diagnostic capability to the components in the cooling loop. To facilitate the understanding of the control logic for the cooling loop, the temperature dynamics of the FCS can be given as [70]
[image: equation]
where mst is the mass of the stack, [image: equation] and [image: equation] are the heat capacity of the stack and inlet gas, Tst, Tin and Tw,i are the temperature of the stack, the inlet, and the cooling water, I, Vcell, n are the current, voltage and number of fuel cell stack. Xne, F, Δ Hrxn, ne and UA are constants that are detailed in ref. [70]. By partitioning the inlet water into n zones, the temperature of the inlet water can be updated by
[image: equation]
where ρ, Vi, and [image: equation] are the density, volume, and heat capacity of the cooling water. [image: equation] is the mass flow rate of the cooling water and the control input of the cooling loop.
DC/DC converter for fuel cells
Fuel cell DC/DC converter
Since an FCS comprises serially connecting low voltage cells and the output voltage varies in a wide range depending on the load, a DC/DC converter is necessary for boosting up and fixing the voltage when supplying to a load. The available selection for the DC/DC converter topology is an isolated or a non-isolated one, where the isolated topology provides the galvanic isolation, higher efficiency by achieving soft switching, and easy to reach higher conversion ratio, which is necessary for fuel cell applications as it is normally a low-voltage high-current device. However, more devices and complex designs are required in an isolated converter, leading to a higher cost and lower reliability design.
Therefore, non-isolated converters were investigated in fuel cell applications. In practice, an interleaved boost converter is a common choice for connecting the fuel cell to the load. However, a conventional boost converter is not suitable for high conversion ratio applications due to the increased losses. Therefore, extensive research was conducted searching for optimal topologies of non-isolated high conversion ratio converters. Reviews were conducted on this topic [71] and in ref. [72] for the topologies with the assistance of coupled inductors. Targeting to the fuel cell powertrain applications, a series of studies are done in refs. [73-78], focusing on deriving a simple and efficient topology to fit the wide input range requirement of an FCS using non-isolated topologies.
Apart from the above considerations, minimizing the switching ripple of the fuel cell interfacing converter is also an important aspect. Durability testing was conducted in refs. [79, 80] and revealed that ripples at the fuel cell output tend to accelerate the degradation of a stack. Minimizing the switching ripple is normally achieved with adopting larger components or adding additional components by interleaving. Alternatively, selecting a proper topology can also assist this goal. Therefore, an isolated current-fed dual active bridge converter was proposed in ref. [81], where the primary side duty cycle is fixed to achieve zero switching ripples and the phase shift is adopted for regulating outputs. A patent was submitted by NOVUM engineer ING GmbH, a company dedicated to electrochemical impedance spectroscopy (EIS) technique using converters, to reduce the ripple of a DC/DC converter with a new typology [82]. On the other hand, the advancement of wide bandgap devices, i.e., SiC mosfets, is adopted by many fuel cell DC/DC manufactures for higher efficiency and low switching ripples by achieving higher switching frequencies.
EIS function-based diagnosis
Besides the above-mentioned conventional functions of a DC/DC converter, there is a great interest in embedding fuel cell EIS-based diagnostics to this converter. EIS is a promising technique for fuel cell testing and diagnosis, which was normally used in laboratories on single cells or short stacks. In recent years, with the increasing adoption of fuel cells in the transportation sector, EIS-based diagnosis is highly desirable for automotive high-voltage high-power stacks. Facing the reliability and durability challenges [83, 84], EIS has been proved to be effective for the fault diagnostics [85-87] and durability analysis [10, 88]. The complete process of EIS is presenting ac perturbations at various frequencies to the FCS, calculating the impedance with measured responses, and mapping the impedance spectrum to different conditions of a fuel cell. A schematic of the EIS approach is provided in Figure 8. The principle of EIS diagnosis is based on a simplified FCS model with an open-circuit voltage Voc and impedance Zfc, where Zfc is a complex impedance with both real and imaginary parts Zfc=REfc+jI Mfc. The relation between the output current and voltage is
[image: equation]
where the first part is the dc component [image: equation] and the second part is the ac component [image: equation]. An ac perturbation term is then generated to extract the impedance.
	[image: thumbnail]	Figure 8 Schematic of the EIS approach.




EIS enabled by the DC/DC converter provides a promising solution of bringing advanced diagnostics to an FCS. However, generating ac perturbations with DC/DC converter is only the first step. The voltage response measurement needs to extract the small ac signals from the high dc level and two solutions were proposed in refs. [89, 90]. Impedance calculation algorithms were proposed in ref. [91]. Finally, mapping the obtained impedance spectrum requires detailed testing and validations on the targeted FCS. The final diagnostic results could be used as an altering system. Moreover, given the identification of fault types, fuel cell embedded controls can be used to mitigate the fault severity [92].
Integrated control of DC/DC converter and air compressor
It was revealed that the FCS reliability and durability are greatly challenged when adopted in the automotive field [83, 84]. This arises from the fast dynamics in the vehicular driving cycle imposed on the fuel cell output directly. From the system perspective, the air compressor of an FCS might not be able to catch up with fast output dynamics leading to air starvation, inappropriate water managements, and hot spots, which could lead to pin holes [93]. Therefore, the hybridization with a battery and proper energy management is required in a fuel cell-powered vehicle to let fuel cell output relatively constant power, which is the strategy adopted in the commercialized Toyota Mira vehicles [94].
On the other hand, to tackle this issue, coordination between the DC/DC converter and air compressor is of great interest. It was pointed out in refs. [21, 95] that the slew rate of the output current should be low, and an integrated control of DC/DC converter and air compressor can avoid oxygen starvation effectively. An important factor on evaluating oxygen supply is the oxygen excess ratio, which is not a direct measurable value and was estimated and controlled in refs. [31, 28, 29]. The oxygen excess ratio needs to be kept high for preventing oxygen starvation and achieving high efficiency [28, 29], which was set as the goal of the coordination control. In the coordination control applications, hybridization with an energy storage is necessary as the slew rate of the fuel cell output is constrained and the energy storage needs to supply the load to avoid a large voltage dip. From hardware integration aspect, DC/DC converter and air compressor driver circuits are combined into one power control unit by Shenzhen Foripower Electric, facilitating the implementation of coordination control. The trend of integration and hybridization will help the fuel cell reduce power fluctuations and significantly enhance its durability.
Integration of fuel cells in power systems
In this section, the coordination and optimization strategies related to fuel cell generation systems (FCGS) are systematically reviewed with a focus on their stationary applications. It is identified from the available literature that the operation of an FC generation system can be framed into a three-layer hierarchy comprising the scheduling layer, the energy management layer, and the control layer. The control layers of FCGS are depicted in Figure 9. The schedule layer calls for the FC generation system to be jointly dispatched with other distributed energy sources (DERs) ahead of time based on forecasting data, the energy management layer optimizes the stack current and manages the power splitting between cells, and the control layer is responsible for regulating each subsystem so as to deliver the power committed.
	[image: thumbnail]	Figure 9 Different control layers of FCGS.




Conventionally, control of power is achieved by classical feedback control that maintains a fixed ratio of stack current to input hydrogen flow. Here, a key parameter affecting the operational reliability refers to cell utilization, i.e., the fraction of the total hydrogen fed into a fuel cell that reacts electrochemically [96]. For stack protection, it must be kept within a reasonable range when adjusting the input hydrogen flow. Another challenge lies in the energy efficiency of air flow control, especially under heavy load conditions, as experimental studies have revealed that the air-feed system may consume a large portion of the fuel cell power [95]. Readers can refer to Section Fuel cells at module level for the detailed survey on control strategies on the module level. We would like to point out that incorporating the aforementioned technical aspects, such as the cell utilization and the system net power, into upper-layer decision-making is necessary in a practical sense.
In the rest of this section, we reclassify the technical issues that FCGSs may encounter into two categories: slow timescale scheduling and fast timescale energy management. To date, real world applications have shown that the scale-up and implementation of FC generation systems require converters to work in conjunction with battery energy storage systems (BESSs) or ultracapacitors, otherwise, it is difficult to achieve satisfactory dynamic characteristics, peak power capacity, and cold start capability [97]. The long-term scheduling is subject of increased complexity in a power system environment, where the power-to-hydrogen and hydrogen-to-power may be dynamically coupled [98]. In this circumstance, the hydrogen needs to be purchased from the hydrogen market or produced by the electrolyzer powered by the renewables. Therefore, the level of hydrogen (LOH) of both the compressed tank and the water-sealed tank within the electrolyzer system for temporary storage must be strategically managed. An easy-to-implement strategy is activating the FCs during power deficiency and switching to the electrolyzer during power surplus. The inclusion of these ON/OFF states in the FC and electrolyzer introduces logical variables. As demonstrated by refs. [99, 100], ruled-based algorithms can be effective when there are not numerous DERs to coordinate.
Alternatively, the long-term scheduling can be structured as an optimization problem that seeks to minimize the total operating expenditure (OPEX) [101] over a certain period of time while meeting the power/energy demands [102]. For large-scale applications, model predictive control (MPC) is often used to take account of future system behavior, load forecasts, and various operational constraints. Other than this, dynamic programming is also a competitive option by virtue of the special consideration on a sequence of scheduling periods instead of just one [103]. Along these directions, the optimization problem is often reformulated as a mixed-integer quadratic programming (MIQP) problem or linearized further as a mixed-integer linear programming (MILP) problem. They have similar computational efficiency, but the MIQP shows a relatively lower degradation effect in the FC and electrolyzer, as claimed by ref. [104]. Several studies have adopted distributed multi-agent frameworks for improved MPC properties (e.g., [105, 106]) and for intra-hour schedule [107]. Utilizing a communication network, the optimization problem can be solved iteratively at each distributed unit using either consensus algorithm [108], alternating direction method of multipliers [109], or cooperative game theory [110], thereby enhancing the coordination between FCGSs with other DERs. Also, stochastic optimization [111-113] and robust optimization [114, 115] have been incorporated to accommodate the uncertainties. Likewise, ref. [116] included an adjustable uncertainty budget in the cost function to achieve a flexible control on solution robustness and avoid overly conservative decisions. Furthermore, reinforcement learning methods [117-119] have been proposed to relax the requirement of an explicit system model, which determines the optimal time-sequential actions by interacting with the unknown environment.
In view of the expenditure induced by the production, storage, and transportation of hydrogen, a high priority has been placed on the minimization of hydrogen consumption in order to improve the cost competitiveness of FCGSs, which falls into the main task of real-time energy management. In ref. [104], a maximum power point tracking (MPPT) strategy to drive the FCGSs to operate at the maximum power point (MPP) is derived. In order to obtain a higher power level, FCSs are often series-connected, parallel-connected, and series-parallel connected, forming a multi-stack FCGS. Harvesting at the MPP all the time is no longer suited due to the presence of multiple stacks. For the sake of improved fuel efficiency, coordinated power splitting algorithms have been proposed in refs. [120-122], which calculate the optimal allocation of power requested by the scheduling layer between FCSs. During the service of FCGSs, heterogeneity may occur amongst individual cells inside a stack. A typical phenomenon is that some cells exhibit a drop in voltage below the ideal value, making the FCGSs irreversibly degraded. This remains a major barrier to the commercial deployment of FCGSs. In order to mitigate the degradation effects associated with the start-up and shut-down cycles of FCGSs, an energy management strategy is devised in ref. [97] based on a cascade MPC controller. As discussed in ref. [123], comparing the actual voltage with the initial voltage quantifies the degradation degree and thus constitutes a performance loss rate. And based on this, ref. [124] developed a distributed consensus control strategy to handle the performance consistency and guarantee uniform life cycle of all stacks. Moreover, the lifespan of a stack can also be extended by applying energy management to cell voltage. To this end, equalizer systems are proposed in the literature (e.g., [125]) that send energy to the cells with lower voltage to compensate for voltage drops. Fulfilling the schedule contracted with the system operator hours or one day ahead of time, on the other hand, might be sub-optimal and even destructive in practice. Therefore, research efforts have been recently devoted to bridging the timescale gap of control hierarchy in energy systems via real-time optimization [126, 127]. These novel schemes can be generalized to hydrogen-based energy systems to enable cost-effective coordination between FCSs, as well as across FCGSs and other DERs, especially under uncertain operating conditions.
Conclusions and perspectives
Conclusions
This study provides an overview on hydrogen fuel cell technologies with an emphasis on the integrated architectures and intelligent controls at the fuel cell module level, as well as its interconnecting DC/DC converters and applications in energy systems. It is revealed in the literature that apart from the conventional modeling and control techniques of fuel cells, intelligent algorithms, i.e., parameter optimization, and NNs, could achieve similar performance with minimal fuel cell knowledge and robustness to parameter variations. At the fuel cell converter level, hardware and control integration of two major electrical components, which are the DC/DC converter and air compressor, facilitates the performance improvement on oxygen delivery of an FCS. On the other hand, the advanced diagnostics enabled by converter-based EIS can provide more information on the condition of fuel cells, increasing their reliability. Finally, from the system perspective, multiple time-scale layers reveal the need for fuel cell integration to energy systems to perform optimization and management at the system level.
Perspectives on intelligent and integrated fuel cell systems
Based on the surveyed literature, we can conclude that the next generation of intelligent and integrated FCS will be in demand in the near future. Future research focus includes the integrated system level design on both the software and hardware level, as well as utilizing intelligent algorithms to enhance the adaptability of FCSs. A development roadmap towards intelligent and integrated fuel cell systems is given in Figure 10.
	[image: thumbnail]	Figure 10 Development roadmap for fuel cell systems.




In Sections Fuel cells at module level and DC/DC converter for fuel cells, the control, monitoring, and management of the cathode loop, anode loop, cooling loop, and DC/DC converters are surveyed, respectively. As the subsystems have a joint influence on the performance of the stack, the core objective for future fuel cell systems is developing a cohesive control and management system which includes all the aforementioned subsystems. In order to carry out control and management algorithms for the subsystems, a dynamic model for each subsystem has been developed, where extensive model identification and validation have been performed. However, establishing a comprehensive dynamic model for all subsystems of the fuel cell system is a challenging subject. On one hand, the hardware configuration for FCS varies widely depending on their power and utility. On the other hand, the dynamic model and control algorithm is usually bundled and sold with the component hardware, and the availability for commercial control toolboxes for FCS is limited. To serve the growing research community, providing a comparison table for the fuel cell toolboxes from different companies would be a priority for future research. As surveyed in Section Fuel cells at module level, detailed models for the entire fuel cell system have been developed, but they are generally computationally demanding and are not suitable for real-time implementation. Moreover, modeling uncertainties in the comprehensive model could propagate across other subsystems and amplify the error in control signals. One possible solution to this challenge is the careful selection of the control/management objective, which facilitates the cooperation between subsystems without using the computationally expensive detailed model of the fuel cell system. Another solution is to use data-based algorithms to reduce the reliance on an explicit fuel cell dynamic model. In some applications, artificial intelligence-based approaches have been found to have advantages over model-based numerical approaches, including less computational time, increased accuracy, and better convergence.
Contrary to the traditional model-based numerical approaches, artificial intelligence-based approaches automate the optimization and approximation process by utilizing data and building models relevant to the control problem without explicit model knowledge. For instance, with the availability of reference power and air flow data, fuel cells can be ‘taught’ to manage their air flow to track the optimal oxygen excess ratio. With data-based multi-objective optimization algorithms, more complicated optimization problems can also be solved, providing great potential for more intelligent fuel cell system management.
However, the implementation of artificial intelligence approaches also comes with challenges. The intricate nature of intelligent algorithms means that the availability and more importantly, integrity of data greatly affect their performance. In order to develop a reliable data-based model, extensive data harvesting is required, where a range of fuel cell working conditions are expected to be covered to ensure the data integrity. Considering that security is a key concern in hydrogen fuel cell systems, it is desirable for intelligent approaches to be coupled with secure FCS management strategies with consideration towards risk assessment.
Another major obstacle towards achieving an intelligent and integrated fuel cell system is the hardware architecture. In the current form, most fuel cell systems are equipped with separate controller units for the DC/DC converter, the air compressor, and the fuel cell stack. The main factor for this separation is due to providers for each component presenting their ‘component+control’ solution. In addition, the power and frequency mismatch in the fuel cell components presents challenges to developing an integrated fuel cell controller. In spite of the challenges, meaningful progress has been made on integrated controller hardware for fuel cells, including fuel cell controller unit air compressor controller on the same unit, as well as integrated DC/DC converter and air compressor controller unit as surveyed in Subsection Integrated control of DC/DC converter and air compressor. The next generation of fuel cell controller hardware should integrate the DC/DC converter control circuit, air compressor control circuit, and fuel cell control circuit under the same unit.
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	Linear feedback control [24, 32]
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	Control of current demand by reducing error of actual and predicted output current
	Dependent on the design of cost function



	Fuzzy logic control [38-42]
	Input and output variables of air flow control are  fuzzified  into fuzzy sets
	Superior performance with limited model knowledge
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