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This article presents an output power regulation system for micro fuel cells to help enhance the stability of the fuel cell in a portable micro power system. The structure of an MCU-controlled DC-DC converter is proposed. Then, the output characteristics of a selected fuel cell stack and the DC-DC converter’s power control functions are estimated by a system-level model. Based on the simulation results, the model provides a power regulation system which is implemented, and the test shows that it fulfills its intended function and the output power is regulated to a fixed level of 5 W–40 W with good efficiency.
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1 INTRODUCTION
As the development of traditional fossil energy gradually encounters bottlenecks, fuel cells, especially hydrogen fuel cells are considered the promising new energy source. Due to their high energy density and no moving parts, hydrogen fuel cells not only draw attention to new energy vehicles (Fu et al., 2019) but also have broad prospects in portable applications. Such applications require the power system to integrate micro fuel power generation, hydrogen generation, and the related functions into a compact whole system. Considerable thermal–chemical effects are coupled to each other in a small space. Therefore, a major challenge is the system control of a fuel cell–based system, which includes fuel storage or generation, hydrogen fuel flow, and stack status (Minas and Asme, 2008).
Generally speaking, the main targets of controlling the operation conditions of a fuel cell stack are the working temperature, hydrogen fuel pressure, fuel flow rate, and other conditions to maintain the chemical reactions on each fuel cell’s interface. In recent works, the hydrogen generation procedure or hydrogen storage control has been seen as the main issue that determines the safety of the stack. The hydrogen production rate of the reactor is strictly controlled, or in other cases, the flow rate from the hydrogen storage tank is monitored and controlled in real time. Other issues such as the health of the micro fuel cell stack, unsuitable humidity, temperature, and air velocity can all affect the stack’s performance. Many means of maintaining the fuel cell stack’s working conditions have been discussed (Houwing et al., 2009; Lee and Kim, 2012).
However, due to the constraints of the system's size, the controlling mechanisms of micro fuel cell systems encounter more difficulties than those of larger systems. In portable systems, these control parts are strictly constrained by their small size and weight—the sensors and valves must be simplified and control units consume as least power as possible. Therefore, these controlling mechanisms can barely make adjustments to complicated situations (Xie et al., 2002). In most research studies and applications, the output current or the output power of a fuel cell is not seen as the control target, leaving them free to form a balance with the power load. This works well when the system is precisely under control. But with the controlling mechanisms under limits, the output power of the fuel cell stack will in turn affect the operation conditions in many aspects (Zenith and Skogestad, 2007), adding to the great difficulties of simplifying the control components and algorithms. For example, an unstable power output will cause uncertain fuel consumption that will add difficulties to fuel flow control, and changes in hydrogen pressure will also negatively affect stack life; also, power changes will affect the heat dissipation process of the stack. Furthermore, changes in the fuel cell efficiency (Barbir and Gomez, 1996) will aggravate this effect, challenging the temperature control performances of the system in complex temperature environments. In order to reduce the difficulty of stack control, the quantitative control of the fuel cell power output and customization of the stack control according to this power are necessary.
Though similar concepts have been applied to vehicle hybrid power systems (Fu et al., 2019), controlling the fuel cell stack’s output power is rarely introduced in micro-sized and low-voltage systems. Works in hybrid power systems combine electric power storage with fuel cell stacks, usually focusing on tracking the fuel cell’s maximum power (Ramos et al., 2007; Karami et al., 2012) to fit the system’s fuel flow (Matsuo et al., 2006) or maintain the fuel cell stack in a high-efficiency zone (Hsu et al., 2012). These works have achieved success in fuel cell power control, but recent works have usually focused on control algorithms, while few works have focused on actual system implementation. The system proposed in this article does not work to control the fuel flow rate, but by using a buck circuit to adjust the fuel cell stack’s operation point, the output power is controlled and the parameters of the whole fuel cell system are constrained to a relatively stable range (Liang et al., 2007). In this way, the whole micro fuel cell stack can be kept in a relatively defined condition, such that the control mechanisms of other subsystems can be greatly simplified to fit this condition. As a result, the overall size occupancy and stability of the portable fuel cell power system can be further optimized.
For the above reasons, in order to control the micro fuel cell’s power output at a constrained level, the basic structure of the power regulation system is proposed and its relationship with the fuel cell stack is discussed. Then, a mathematical model of the fuel cell stack with the regulation of a buck converter is built to simulate their performances. Also, taking these as the basis, system-level actions are estimated. Finally, these structures and the control logic are verified on an actual example of the power regulation system. The function and effectiveness of output power regulation have been proven to be effective in controlling the output power of the fuel cell stack to a user-defined value, by which the total operation conditions of the micro fuel cell stack are stabilized. This greatly enhances the stability and ease of control in fuel cell power generation systems.
2 BASIC STRUCTURE OF THE SYSTEM
The power regulation system introduced in this article is designed for a micro-sized portable fuel cell power system. Its connection with other subsystems in the power system is shown in Figure 1. Generally speaking, a fuel cell power system has a micro fuel cell stack as its central part. Reaction processes such as hydrogen fuel supply, air supply, and exhaust gas emissions are monitored and controlled. Parts to control these processes form the different subsystems. Two major issues are the pressure inside the fuel cell channels and the temperature at the fuel cell interface, requiring two subsystems that cannot be neglected, namely, the hydrogen fuel supply subsystem and temperature control subsystem. In the micro-sized scope, these subsystems can only be implemented by simple valve combinations, heat sinks, etc. Their poor adjustment ability becomes a major issue in micro fuel cell systems.
[image: Figure 1]FIGURE 1 | Structure of portable fuel cell power system.
With these subsystems checked, the introduced power regulation system is directly connected to the positive and negative output terminals of the stack. The output regulation system includes a fuel cell stack output current/voltage sensor, Micro Controller Unit (MCU), and a buck-based converter circuit. The MCU calculates and sets the duty cycle and changes the equivalent I-V characteristics of the DC-DC circuit.
When compared with dedicated ICs, MCUs and related buck circuits consume more power and have less stability. However, a programmable control unit provides more adjustable space to help the power control rates fit to front-end devices. Moreover, the increased power consumption is not comparable to the output power of the 50 W level. Thus, the fuel cell stack’s output is set and controlled. Additional current and voltage sensors are introduced to carry out circuit function verification and error detection.
Direct connection to the stack terminals can prevent changes in output current from causing a rapid change in hydrogen pressure, which not only causes damage to fuel cell stack’s sealing tightness but also causes difficulties in pressure and temperature stabilizing. Though matching to load is discarded in this structure, the whole structure can be seen as a stable unit. All parts and control logic only respond to its front-end environments. When a change in power load emerges, the power regulation system prioritizes protecting the stack over meeting the load demands. Mismatches in power demand can be compensated through other channels such as energy storage batteries. This greatly improves the safety of the operation of the micro-sized power system.
3 MODELING OF SYSTEM COMPONENTS AND CONTROL PROCESS
The working procedure of the fuel cell output power regulation system is shown in Figure 2. First, according to the user-defined P-set value, an estimated output power value of the fuel cell stack is set. Then, a P-I control algorithm is applied to confirm the duty cycle of the DC-DC circuit, corresponding to the equivalent resistance that will change the fuel cell stack’s output working point in an instant. Therefore, the output current and output power are under control. Finally, this output power flow will go through the DC-DC converter and supply the power load as an actual system power output, with a certain conversion loss.
[image: Figure 2]FIGURE 2 | Working procedure of fuel cell output power regulation system.
Different from the other power management systems, the whole power regulation system aims at the output power port of the fuel cell stack, where the control variable is the output power value on this port only, therefore some common concepts on power management systems are no longer applicable. Components directly related to the output port have to be modeled and control methods have to be designed according to the characteristics of the fuel cell.
3.1 Modeling of fuel cell stack
The proton exchange membrane fuel cell (PEMFC) is composed of a proton exchange membrane placed between two electrodes coated with the platinum catalyst. The hydrogen and oxygen gases are supplied at the anode and cathode sides, respectively. As the only power generation component, the PEMFC stack is considered the central part of the fuel cell power system, and its output performance determines the output capacity of the system. Generally speaking, the PEMFC could be described as a steady-state model or dynamic model. The steady-state model reflects the relationship between the voltage and current and can be obtained using both analytical and experimental approaches (Arjanaki et al., 2022). The dynamic fuel cell models show the transient performance of the fuel cell by using electrochemical reaction and thermal dynamic equations.
In this article, a simplified PEMFC stack model is presented. The model is based on the steady-state PEMFC model. Usually, the following assumptions can be made (Jia et al., 2009; Puranik et al., 2010):
All stacks are well designed and produced, such that the stack is viewed as a simple superposition of basic units.
The supplied oxygen and hydrogen fuels are pure and their relative humidity is 100% such that the membrane is fully hydrated.
As described in Section 2, in a portable fuel cell power system, the fuel supply and stack temperature are controlled by other control units, so the following assumptions are added:
The cathode and anode temperatures are the same and stable in any unit.
All gases are evenly distributed, and the pressure is stabilized.
Species transport and current transfer across the membrane are stable.
With these assumptions, several factors that usually affect the operation of fuel cells can be simplified. The output electric characteristics can be regarded as an I-V characteristic curve, which corresponds to the output characteristics of an actual cell under control. In model building, some model parameters are built with commonly used theoretical models, while some parameters are based on the actual fuel cell stack, such that the model obtains a better correspondence with the real object. The parameters used in fuel cell model building are listed in Table 1.
TABLE 1 | Fuel cell model parameters.
[image: Table 1]The voltage of a PEMFC can be described as follows (Pukrushpan et al., 2002; Jia et al., 2009; Kong and Khambadkone, 2009; Puranik et al., 2010):
[image: image]
Subject to the equation above, the output voltage of a single fuel cell could be described as a combination of reversible potential and four voltage losses, which are activation loss, ohmic loss, concentration loss, and osmotic loss.
The reversible electrical potential, also known as Nernst voltage, is theoretically the highest voltage achievable by a single fuel cell. It is determined by the reactions occurring in the cell. The Nernst voltage can be calculated as follows:
[image: image]
The first type of loss in the PEMFC is caused by the slow kinetics of the reaction at the surface of the membrane. The activation loss can be simplified as
[image: image]
where the concentration of oxygen at the cathodic catalytic interface is
[image: image]
Parameters [image: image] in the equations are a series of experimental parameters based on electrochemistry, thermodynamics, and hydrodynamics, which can be calculated by
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With all correlation coefficients being stable, parameter [image: image] can be simplified into a series of constants.
The second type of loss in the PEMFC goes from the voltage drop caused by the equivalent membrane impedance [image: image]. It is displayed as
[image: image]
where the equivalent membrane impedance is
[image: image]
The impedance of the Nafion photon exchange membrane can be calculated by
[image: image]
where the relative water content of the membrane λ is an adjustable parameter.
The third type of loss in the PEMFC is caused by mass transmission. At high current densities, the transmission on the membrane interface becomes the major limit variable. The concentration loss can be described by
[image: image]
The osmotic loss is a type of loss that is usually omitted in a single fuel cell, but in fuel cell stacks, the hydrogen diffused from the other units can reach the cathode interface, causing a voltage loss in the open circuit state. As time goes, the tightness of the fuel cell sealing gradually fails, and this is the main factor of fuel cell stack’s performance degradation.
According to assumptions, a stack is seen as identical cells connected in series. So, the output voltage of a stack is
[image: image]
3.2 Modeling of DC-DC converter
DC-DC converters are widely applied in various power systems. In hybrid power systems, buck or buck–boost converters are used to form standard power rails (Li et al., 2021). By converting the voltage of different power harvesters or generators to the same level, power management strategies can be applied. In these applications, voltage tracking and ripple level at the converter’s output port draws attention (Fekri et al., 2017; Zhu et al., 2017); however, in this power regulation system, the current and voltage properties at the input port affect the fuel cell stack. At the system modeling level, it is the input current variable that interacts with the model of the PEMFC stack. Therefore, the model of the DC-DC converter should be reconstructed into a duty cycle vs. input current model.
The model represents a basic buck converter in the continuous conduction mode. To simulate and estimate the current and voltage changes, an additional set of inductors and capacitors is applied, the topology is shown in Figure 3, where R is the external load and [image: image] represents an equivalent loss factor.
[image: Figure 3]FIGURE 3 | Topology of buck converter.
In a working cycle, the circuit, as shown in Figure 3, has two phases: an on phase (0-DTS) and off phase (DTS-TS) (Tan et al., 2005). According to Kirchhoff’s law, the equations in the two phases are as listed below
[image: image]
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Regarding all voltage variables being continuous and all current variables can be credited, these variables can be represented using an average during a cycle, with a constant duty cycle:
[image: image]
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Combining equations around the input and output ports, we get
[image: image]
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A model of the buck converter can be built into a duty cycle vs. input current type.
[image: image]
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The model takes in [image: image] and [image: image] as the system parameters, sets the duty cycle D as an independent variable, and calculates real-time current [image: image] at the input port. The voltage number at the output port is calculated incidentally.
3.3 System level modeling
With the output characteristics of the PEMFC stack and the conversion function of the DC-DC converter modeled, a comprehensive estimate of the power regulation system can be made. The presented system-level model consists of the PEMFC stack model and DC-DC converter model, which was previously established. A control unit model and power load model are added to simulate the system working procedure. The data connections of each module are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Structure of the system-level model.
As shown in Figure 4, the PEMFC stack module has no environment parameters to adjust because all external environments are assumed stable. The only input variable is the stack’s current, which is the current at the input port of the DC-DC converter. This value is gained by the converter module. Likewise, the input voltage of the DC-DC converter is supplied by the PEMFC stack module. The power load module is responsible for generating the energy consumption requirements, loading the multiple load current demands, and including the step signals, periodic signals, continuous growth signals, and voltage linear signals (simulate a purely resistive load). The power tracking controller module simulates the function of sensors and MCUs, a user-defined P-set value is presented, and the model automatically compares the power value with the P-set and calculates the corresponding duty cycle value via a time-separate PI algorithm, to drive the converter module.
4 SIMULATION RESULTS AND ANALYSIS
The system-level model tests the matching of components and adjustment performance of the PI control, which provides guidance for the actual circuit design. Therefore, the estimation of parameters is closer to the physical needs and is carried out together with the actual circuit design.
In this session, a commercial 100-W proton exchange membrane hydrogen fuel cell stack provided by BCH corporation is selected. This fuel cell stack has a compact appearance, with the output voltage ranging from 22 to 12 V and the output power ranging from 50 to 100 W, which is suitable for portable applications. A self-built hydrogen fuel cell system platform is adjusted to fit this stack. This platform consists of a hydrogen pressure control subsystem and a temperature control system. All parts and control logic are minimized to fit the size and weight constraints. Hydrogen fuel is produced by a electrolyzed-water hydrogen generator instead of a portable hydrogen source, and the pressure at the outlet side of the stack is controlled to about 30–35 kPa by a set of valves. The temperature is controlled to about 35°C–40°C by a single fan.
Driven by this platform, the output characteristics of the fuel cell stack can be tested by changing its output current. The total output current is controlled from 0 A to 6 A, and at each step, 5 min are spent to achieve heat balance. It can be observed that in cycling tests, when the balance is reached at each current, the output characteristics keep fluctuating near a single I-V polarization curve, and we choose test results in the last cycle as the reference for parameter estimation and simulation.
Comprehensively considering the actual test results and widely used theoretical model, the value of the parameters used in the PEMFC stack model is as listed in Table 2.
TABLE 2 | Parameters used in PEMFC stack model.
[image: Table 2]Figure 5A shows the polarization curve obtained from simulation and test results. Also, Figure 5B demonstrates the output power vs. output current of the fuel cell stack. It indicates that the simulated curve fits well with the test data at the range 0–5 V, especially at the 3 A current point, where the fuel cell achieves an output power of 45–50 W. In portable applications, such an output power is most widely demanded. Figure 5B also illustrates a monotonous increasing trend of current vs. output power. In the limited output power range, the output power conditions exactly react to the modulation function of the output current.
[image: Figure 5]FIGURE 5 | Simulation results of fuel cell module and comparison with test results. (A) Polarization curve of simulation and polarization curve of test results. (B) Fuel cell’s output voltage and output power trends.
The module parameters of the DC-DC converter have correspondence with circuit components; parameters L and C are identical to the actual circuit design; and [image: image], [image: image], and [image: image] are the estimated capacitive reactance, inductive reactance, and impedance, respectively, at the connection port between the fuel cell stack and converter. All parameters are shown in Table 3.
TABLE 3 | Parameters used in DC-DC converter model.
[image: Table 3]The simulation results of the system-level model provide the basis for P-I parameter tuning of the controller. By engineering the tuning method, the system reaches a stable state when the value of parameter P is 0.0036 and I is 0.76, and the control cycle is designed as 1 ms. When the target power level is set to 50 W and variable current and power demands are applied to the load module, the system reacts as follows:
Figure 6A illustrates the power and voltage changes at the fuel cell stack’s output port when the output current demand increases, and Figure 6B shows the change at the converter’s output port. The comparison of powers is shown in Figure 6C. It is proved that the proposed structure achieves its intended function and regulates the fuel cell power to 50 W as the current demands grow. The system fails in the low current environment, which is because the power demand is too low and goes beyond the theoretical matching level. The converter forms direct conduction. This situation is not included in the working range. It is also observed that as the current demands grow, the output voltage at the system output port falls and the power value suffers a decrease as the result of conversion losses. Figure 6D demonstrates a more detailed view: when a step increase occurs at the output power demand (corresponding to a sudden startup of the load), the controller reacts to it and adjusts the duty cycle, and reestablishes a balance in no more than 0.2 s. The simulation results validate the system function and provide guidance for designing the hardware.
[image: Figure 6]FIGURE 6 | Simulation results of the system-level model. (A) Power and voltage changes at the fuel cell stack’s output port. (B) Power and voltage changes at the converter’s output port. (C) Comparison of powers of fuel cell and system output. (D) Transient response of the system.
5 SYSTEM IMPLEMENTATION AND TEST RESULTS
Based on the guidance of component selection and tuning of control parameters, a fuel cell power regulation system is designed and implemented. As demonstrated in Section 2, the system takes an MCU as the core, takes a sampling voltage and current, and controls a buck circuit. The output level of the BCH fuel cell stack goes from 18 V to 12 V when the output power is within an expected range, and the converted output voltage of this system is approximately 9–5 V, suitable for mobile phones or other handheld devices.
The structure of the implemented power regulation system is shown in Figure 7 and the actual product is shown in Figure 8. The STM32 MCU is selected and powered by an independent battery. This is for safety reasons. The MAX9923 high-precision side current detection amplifier is applied to gain more accurate current sampling results, voltage, and current levels of the fuel cell stack connection port, and the output port are converted by an ADS8866 ADC, and then sent to the MCU. The MCU generates a 0.2-MHz PWM signal, which controls a Gate Driver IC DGD0506. This IC drives two MOS transistors to control a buck circuit. The inductor and capacitor are 47 μH and 20 μF, respectively; the same as they were in the system-level model. The system is equipped with a communication port with a PC. Additional designs are made to prevent surge currents from damaging the system or fuel cell.
[image: Figure 7]FIGURE 7 | Structure of implemented power regulation system.
[image: Figure 8]FIGURE 8 | Photo of power regulation system.
On the software side, the MCU continuously acquires the current and voltage data at the fuel cell port and runs the PI control process every 1 ms. The calculated duty cycle D has a limit to 95% and is then transmitted to the PWM generator. Voltages and currents at the output port are also monitored, and once an abnormal reading emerges, the system goes into the shutdown mode, and D is set to zero.
To verify that the system circuit board implemented in this article can stabilize the output current and voltage of the fuel cell, the system is connected to a running fuel cell stack and an adjustable electronic power load. The load is set to constant current mode with the current demand near 5 A and then reduces the load current sequentially in steps of 0.2 A to test the output power when the system is set to eight modes, that is, 5 W–40 W power regulation targets. The output power vs. output current test results are shown in Figure 9. The system’s output powers are represented by marked lines and the controlled powers of the stacks are represented by dashed lines. It is observed that the power regulation system board works as the model predicts: the system regulates the output power of the fuel cell stack to a designated value in each active zone and the final output suffers some conversion losses. The average efficiency at 35 W goes up to 85%. The system is competent in regulating the output power of the fuel cells in portable applications, with relatively high efficiency.
[image: Figure 9]FIGURE 9 | System function test results.
6 CONCLUSION
Creating a quantitative and controlled energy output of the fuel cell stack is a feasible way of reducing complexity and improving safety of a portable micro fuel cell power system. For this purpose, a micro power regulation system is proposed. The system contains a microcontroller, sensors of current and voltage signals, and a controlled DC-DC converter. By sensing and calculating via the microcontroller, the DC-DC converter regulates power through the system. Then, in order to match the selected fuel cell stack, a PEMFC stack model is constructed. This model presents the output electrical characteristics of a fuel cell stack’s standard operation. Besides, an average current and voltage model of the DC-DC converter is constructed to estimate the power regulation function. Furthermore, these models are combined into a system-level model of the whole power regulation system, which can predict the system’s actions. With this, the PI control parameters can be tuned and circuit design references provided. Finally, a board-level power regulation system is implemented on the basis of the abovementioned structures and methods. The system works at a 100-W level compact fuel cell stack to regulate the stack voltage around 18–12 V and provides a 9–5 V voltage output. The performance of this system has been tested, and it was observed that the system fulfills its intended function and regulated the output power to a fixed level of 5 W–40 W, depending on the preset conditions, and achieves good efficiency.
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