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Aiming at the solid oxide fuel cell (SOFC) applied to the ship DC microgrid in the face of pulse load disturbance is prone to make the SOFC voltage drop too large leading to the DC grid oscillation problem. In this paper, a stability criterion method for SOFC-Li battery DC system based on hybrid potential function is proposed. Firstly, a mathematical model of shipboard DC microgrid with SOFC-Li battery is established and the accuracy of the model is verified. Then, the stability criterion of the system based on the hybrid potential function under large disturbances is constructed. Subsequently, the effects of system stability under impulse load conditions were analysed under different parameters. Based on the constructed criterion, simulation verification of the stability boundary conditions of the SOFC system operating independently or jointly with a lithium battery system is carried out. The experimental results show that the proposed stability criterion and control strategy are effective in accurately predicting the system stability boundary. The experimental results verify the effectiveness of the proposed method in improving the stability of the system and provide a theoretical basis for further research on the dynamic characteristics of SOFC systems under complex load conditions.
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1 INTRODUCTION
The Earth is currently experiencing natural disasters as a consequence of global warming, with greenhouse gas emissions increasing annually. The promotion of the green and low-carbon transformation of energy will propel the world’s renewable energy sector into a new phase of development. Accelerating the application of hydrogen energy and fuel cell technology on ships Fuel cells can effectively reduce greenhouse gas emissions, alleviate marine pollution caused by diesel generator leakage, and increase the proportion of green hydrogen energy used in the transport sector (Ali et al., 2021). Although there are many studies that make important contributions to diesel generator performance, fuel and emissions, (Chen et al., 2015; Chen et al., 2022; Wang et al., 2022), fuel cell power generation technology has a high application value in ships as a future energy source. According to the literature, fuel cells can be classified into direct, indirect and regenerative types according to the fuel type, and alkaline fuel cells, phosphoric acid fuel cells, molten carbonate fuel cells, solid oxide fuel cells (SOFC) and proton exchange membrane fuel cells according to the electrolyte type (EG and G Technical Services, 2004). Literature studies (Steele and Heinzel, 2001; Ding et al., 2021) have shown that SOFCs offer greater fuel flexibility as high temperature fuel cells. In addition, according to the literature (Duong et al., 2022), SOFCs offer higher value and efficiency as small-signal distributed generation systems. Literature (Zhu and Tomsovic, 2002) proposes to model the performance analysis of microturbine and fuel cell load following capability using an embedded power distribution system for a microturbine power plant and an integrated fuel cell power plant as an example. The control strategy and load following service of this distribution system were simulated to demonstrate that the micro gas turbine and fuel cell can track the load changes and thus significantly improve their economic value. Therefore, the application of SOFC in ships is promising.
Microgrids consist of multiple renewable energy systems, energy storage systems and various loads (Du et al., 2013; Shekhar et al., 2017; Zhou et al., 2020a; Zhou et al., 2020b). They operate flexibly and are highly reliable, making them one of the most effective ways to integrate renewable energy. Among them, DC microgrids have been widely studied due to their high efficiency, simple control structure, and the absence of phase and reactive power problems associated with AC systems (Liu and Bian, 2017). Therefore, DC microgrids have been successfully applied in various fields such as electric ships, electric vehicles, aircraft, data centres, etc (Hayashi et al., 2015; Buticchi et al., 2017; Chub et al., 2018; Zhao et al., 2018)
In practical applications, DC microgrids are susceptible to large-signal disturbances such as impulsive loads, large load variations or severe grid faults, especially in shipboard DC microgrids. These large-signal disturbances can cause transient responses that do not reach a steady state, highlighting the nonlinearity of the system (Kwasinski and Onwuchekwa, 2011). Under large disturbances, the nonlinearity of the power electronic systems in DC microgrids may lead to system collapse, requiring appropriate control strategies. Therefore, in order to guide the formulation of control strategies, it is necessary to analyse the large signal stability of the system and to quantitatively investigate the influence of system and control parameters on the stability.
The Brayton-Moser mixed-potential theory is an effective tool for analysing the large-signal stability of nonlinear systems and can derive analytical stability criteria for nonlinear systems (Brayton and Moser, 1964). A mathematical model based on mixed potential function theory is established for a constant power load (CPL) system with a two-stage LC filter, and stability criteria for the system under large disturbances are derived. Constraints on the parameters of the filter components are given. However, the case where the DC power source is the source converter has not been considered (Liu and Zhou, 2011). Stability analysis under large disturbances was carried out in a DC system with an 18-pulse rectifier, but the influence of control parameters was not considered (Griffo and Wang, 2012). Stability criteria for the large signal stability of a BUCK/BOOST converter with a CPL load were derived using mixed potential theory and the effect of controller parameters on stability was analysed (Huang et al., 2017). A method of deriving stability criteria suitable for droop control systems was proposed based on the proportion of output power from multiple sources, and the stability limit of the droop coefficient under multiple sources was analysed (Li et al., 2018). However, none of the above literature provided analytical stability criteria, and their guidance for system parameter design was relatively weak. They did not consider BOOST converters when all the converters on the power source side were BUCK converters, and they also did not consider the influence of the power source characteristics.
The application of the hybrid potential function in current research scenarios rarely focuses on the Boost converter in power source-side systems, especially concerning SOFC systems. There is a lack of consideration for power source characteristics and the derivation method for the transition from the power source side to the output side of the Boost converter, which hinders the analysis of system stability under large disturbances. Therefore, it is crucial to consider the power source characteristics and study the Boost converter on the power source side. To improve the accuracy of the derived criteria, the hybrid potential function containing both power source and converter parameters needs to be verified. This will effectively prevent errors or simulation failures due to the complexity of the criteria. In summary, this paper derives stability criteria for large disturbances based on the characteristics of the SOFC system and conducts MATLAB/Simulink simulations to verify the proposed method and the accuracy of the derived stability criteria. Finally, system parameters are adjusted to meet the requirements of the International Association of Classification Societies (IACS) “Electrical and Electronic Installations” for DC power systems.
2 SOFC MATHEMATICAL MODEL
The dynamic model of the SOFC system is shown in Figure 1. Starting from the fuel input, the dynamic structural system of the SOFC is modelled by several inertial elements that are used to simulate the phases of the fuel cell system such as the measurement link, the fuel valve control function, the fuel handling delay, and the electrochemical dynamic link (Padullés et al., 2000). In Figure 1, [image: image] represents the rated power, [image: image] and [image: image] represent the reference input current and the actual input current, respectively, [image: image] represents the hydrogen-oxygen ratio, [image: image] represents the optimal fuel utilization, [image: image] represents the duty cycle of the Boost converter and [image: image] in represent the input oxygen flow rate.
[image: Figure 1]FIGURE 1 | Dynamic model of SOFC.
The open-circuit voltage (OCV) of a series-connected SOFC unit and the Nernst voltage can be expressed as (Blomen and Mugerwa, 1993; Mohan et al., 1993):
[image: image]
Where, [image: image] consists of a constant term and a temperature correlation ([image: image]); R is the gas constant; T is the reactor operating temperature(K); F is Faraday constant; [image: image], [image: image], [image: image] the pressure of hydrogen, oxygen and water in the fuel cell stack.
The formula for the partial pressure of hydrogen, oxygen and water is:
[image: image]
Where, [image: image] is a constant, [image: image], [image: image] , [image: image], Are the molar constants of water, oxygen and hydrogen respectively, [image: image], [image: image], [image: image] are response times for hydrogen, oxygen, and water flow.
The ohmic voltage can be expressed as:
[image: image]
Where, [image: image] represents the operating current of the SOFC reactor, and [image: image] represents the ohmic losses of the fuel cell.
Applying Nernst equation and Ohm’s law to consider Ohm loss, the voltage of a solid fuel cell can be expressed as:
[image: image]
Where, [image: image] represents the cell output voltage of the SOFC.
The role of the fuel utilization control system is to ensure that the fuel cell operates within a safe and reliable range by controlling the rate of fuel intake. In the model, the ratio of molar flow rates of hydrogen to oxygen is defined. The stoichiometric ratio of the complete reaction between hydrogen and oxygen is 2:1. To ensure complete reaction between oxygen and hydrogen while keeping the pressure difference between the anode and cathode below a certain threshold, an excess of oxygen needs to be provided.
The formula for optimal fuel cell utilization is:
[image: image]
Where, [image: image] and [image: image] represent the flow rate (mol/s) of hydrogen intake and reaction amount respectively.
Insufficiently used fuel, the current of the fuel cell must not fall below the minimum stack current (the cell voltage will rise rapidly). Excessively used fuel, the current of the fuel cell must not exceed the maximum stack current (fuel shortage will cause permanent damage to the cell). Under normal circumstances, the utilization rate is set at 80%–90%, from which Eq. 6 can be derived as a safe operating range for the battery current.
[image: image]
As shown in Figure 1. Specifically, the SOFC must operate within its rated power range and must be maintained within the range described earlier. Moreover, in practical applications, it must be constrained within a certain range to meet the voltage specifications of the load.
By applying the Nernst equation, based on Eqs 1, 2, 5, the following steady-state:
[image: image]
Finally, Substituting Eq. 4 based on Eqs 3 and 7 gives the output voltage of SOFC as:
[image: image]
Eq. 10 represents the output voltage of SOFC during steady-state operation. Its operating parameters are shown in Table 1.
TABLE 1 | SOFC system model parameters.
[image: Table 1]3 MATHEMATICAL MODEL OF SHIP DC MICROGRID
The mathematical model of the shipboard DC microgrid studied in this paper is shown in Figure 2, which consists of the following components:
1) Solid oxide fuel cell (SOFC) and lithium battery energy storage units are connected to the DC bus through DC-DC converters.
2) Loads are connected to the DC bus through closed-loop DC-DC (DC-AC) converters, with external characteristics as constant power loads.
3) The shipboard DC microgrid has relatively short lines, and line impedance is not considered.
[image: Figure 2]FIGURE 2 | Topological structure of shipboard DC microgrid.
The simplified cascaded converter system of the shipboard DC microgrid includes two source converters, one load converter, and one propulsion motor inverter. According to the state-space averaging modeling method, the dynamic representations of the source converter is as follows:
[image: image]
Where, [image: image], [image: image], [image: image] , [image: image], [image: image] , [image: image], [image: image] and [image: image] are the inductance, resistance, capacitance, input voltage, input current, output current, output voltage, and duty cycle of the Boost converter, respectively. [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are the inductance, resistance, input voltage, input current, output current, output voltage, and duty cycle of the bidirectional DC-DC converter, respectively.
As shown in Figure 3, a two-loop control strategy is used to regulate the DC bus voltage and current, using proportional-integral (PI) controllers.
[image: Figure 3]FIGURE 3 | Voltage-current double closed-loop control structure.
The transfer function representations of the current loop and voltage loop are expressed as follows: [image: image], [image: image]. Therefore, the corresponding control loop expressions are:
[image: image]
[image: image]
Where, [image: image], [image: image] are the proportion and integral coefficient of the voltage outer loop of SOFC converter; [image: image], [image: image] are the proportion and integral coefficient of the inner current loop of the lithium battery converter; [image: image], [image: image] is given values of current and voltage loops of boost converter, [image: image], [image: image] is given values of current and voltage loops for bi-directional DC-DC converters.
For BUCK converters and DC/AC inverters with voltage closed-loop control, the output dynamic characteristics can be equivalent to constant power load, and the external negative impedance characteristics are shown, and the voltage and current relationship is as follows:
[image: image]
Where, [image: image] and [image: image] are the input current and power of the propulsion constant power load, and [image: image] and [image: image] are the input current and power of the propulsion motor, respectively.
4 STABILITY CRITERION BASED ON MIXED POTENTIAL FUNCTION THEORY
4.1 Introduction to hybrid potential function theory
The hybrid potential function is a special form of the Lyapunov function first proposed by R. K. Brayton and J. K. Moser for its application in nonlinear circuits (Brayton and Moser, 1964). In this paper, the hybrid potential function theory is applied to study the stability of constant power load systems under large disturbances, which is particularly suitable for analysing the stability of circuits containing negative impedance elements (Jeltsema and Scherpen, 2009). The hybrid potential function includes the voltage potential function and the current potential function (Weiss et al., 1998). The application of the hybrid potential function method involves two steps:
(1) Construct the hybrid potential function model of the system;
(2) Based on the characteristics of the model, apply the corresponding stability theorem to obtain stability criteria under large disturbances. The hybrid potential function model P can be constructed directly based on resistors, capacitors and inductors in nonlinear circuits. If [image: image] epresent the currents flowing through the rth inductor, and [image: image] represent the voltages across s capacitors, and the voltages and currents of the remaining non-energy-storing elements are denoted by [image: image] and [image: image] respectively, then P can be defined as:
[image: image]
In Eq. 13, the first term on the right-hand side represents the current function of all non-energy-storing branches in the circuit, and the second term represents the sum of the energies of all capacitive branches in the circuit. Here [image: image] is the current through the inductor and [image: image] is the voltage across the capacitor.
According to Kirchhoff’s law, the differential equations of the nonlinear circuit can be expressed as follows:
[image: image]
Based on the above analysis, the unified form of the hybrid potential function can be obtained as follows:
[image: image]
Where, [image: image] represents the current potential function of the non-energy storage elements in the circuit; [image: image] represents the voltage potential function of the non-energy storage elements in the circuit; [image: image] represents the energy of the capacitors and some non-energy storage elements in the circuit, where [image: image] is a constant coefficient matrix related to the circuit topology.
The theory of mixed potential functions has three stability theorems. In this article, the third stability theorem is adopted to analyse the stability of the system under large disturbances. To facilitate the application of the third stability theorem of the mixed potential function theory, the stability criterion is reformulated as follows:
[image: image]
Let [image: image] be the minimum eigenvalue of the matrix [image: image], and let [image: image] be the minimum eigenvalue of the matrix [image: image]. Here, [image: image] is a diagonal matrix composed of all the inductances in the circuit, and [image: image] is a diagonal matrix composed of all the capacitances in the circuit. Specifically, if the circuit contains inductances [image: image], then [image: image].
The reconstructed hybrid potential function is as follows:
[image: image]
If for any [image: image] and [image: image] in the system [image: image], when [image: image], [image: image], which means that as [image: image], all solutions of the studied system will tend to the steady state operating point, and the system will eventually operate stably.
4.2 Construction of hybrid potential function for ship DC microgrid system
Firstly, an equivalent model applicable to the stability analysis of ship DC microgrid is established. Then, based on the theory of hybrid potential functions, the hybrid potential function of this system is constructed, taking into account the influence of nonlinear control loops. The stability criterion for the ship DC microgrid is derived. Finally, the stability of the system under large disturbances is analysed using the stability criterion.
As there is a current inner loop controller in the source converter, it has the characteristics of a controllable current source. As the voltage on the source side decreases or increases, the current will change, further exacerbating the voltage fluctuations. Therefore, the load-side converter can also be modelled as a controllable current source. Thus, the boost on the source side, the bidirectional DC-DC converter, and the buck on the load side, the DC/AC converter, can be simplified as controllable current sources, denoted by [image: image], [image: image], [image: image] and [image: image], respectively. Ignoring the line impedance, the total capacitance can be equivalent to the capacitance [image: image]. The equivalent system model is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Simplified model of the system under large disturbances.
The hybrid potential function is obtained by summing the current potential function of the non-energy storage components and the product of voltage and current in the capacitor branches.
For the circuit shown in Figure 4, the current potential functions are as follows:
[image: image]
The product of voltage and current in the capacitor branch is obtained from Figure 4 and transformed from i3 and i4 by Eq. 12:
[image: image]
The sum of Eqs 18, 19 yields the system’s hybrid potential function:
[image: image]
By substituting Eq. 20 into Eq. 14, we can verify the correctness of the obtained hybrid potential function:
[image: image]
The results of Eq. 21 show that the derived hybrid potential function of the system is correct and from Eq. 17 when [image: image], [image: image].
4.3 System stability criteria
Then, transforming the derived hybrid potential function (20) into the unified expression shown in Eq. 15, we obtain:
[image: image]
From Eq. 22, it can be seen that the hybrid potential function of the system satisfies the third stability theorem and is given by Eq. 16:
[image: image]
According to the theorem, we have:
[image: image]
To derive the rate of change of the output current of the power source converter relative to the bus voltage, we first solve the differential equation represented by the first term of Eq. 9:
[image: image]
Where, [image: image] represents a time-varying term that decays rapidly and has minimal impact on steady-state conditions. Therefore, combining Eqs 25, 10, we obtain:
[image: image]
At steady state, [image: image], According to power conservation there is [image: image], which can be obtained by substituting Eq. 26:
[image: image]
Similarly, from Eqs 9 and 11 we can obtain the output current i2 of the bidirectional DC-DC converter:
[image: image]
According to Eqs 27, 28, we can obtain the partial derivatives of [image: image] and [image: image] as:
[image: image]
Combining Eq. 24 and 29, we can derive the stability criterion for the direct current microgrid with dual closed-loop control containing SOFC as shown in Figure 2 under large disturbances.
[image: image]
Considering the safety constraints of the SOFC on the large signals of the system, we derive the stability criterion for the DC microgrid with motor shock loads and direct loads under large disturbances. This derivation is based on the steady-state electromotive force of the SOFC obtained from Eq. 8 and the stability criterion provided by Eq. 30 for the two DC-DC converters on the power source side operating simultaneously under dual control, as shown in Figure 2.
[image: image]
Furthermore, the prerequisite for the stable operation of the system is to ensure power balance, meaning that the power of the constant power load should be less than the maximum power that the system can provide. Therefore, we have:
[image: image]
Equations 31, 32 are the large disturbance stability criteria of the DC ship microgrid of SOFC.
5 EMULATION PROOF
5.1 Model accuracy verification
The primary focus of this study is the impact of SOFC power and converter parameters on the large signal stability of system. A transfer function model of the circuit was established in MATLAB/Simulink. The initial values of state variables and intermediate variables were calculated using a steady-state model. The step responses of the simulation circuit model and the transfer function model were compared. A step signal was applied at t = 0.5 s. The waveforms of the SOFC voltage, SOFC current, DC bus voltage, and DC bus current are shown in Figure 5. It can be observed that the step response curves of the simulation circuit model and the transfer function model have an error of less than 11%, demonstrating high consistency. Furthermore, the bus voltage and current are almost identical in steady-state, thereby validating the effectiveness of the simulation model.
[image: Figure 5]FIGURE 5 | Validation of circuit model and transfer function model.
5.2 Analysis of SOFC output voltage stability boundary
Due to the slow response characteristics of the SOFC, the output voltage is greatly affected by the current, especially under large loads. Therefore, the large disturbance stability of the system is analyzed in the scenario where the energy storage system is not involved in supporting the bus voltage and the SOFC supports the load alone.
A case study was conducted on Boost and bidirectional DC/DC converters utilising dual closed-loop control. A simulation model of the system depicted in Figure 3 was constructed on the Matlab/Simulink platform for validation purposes. The system parameters are presented in Table 2.
TABLE 2 | System parameters.
[image: Table 2]In order to investigate the impact of SOFC output voltage on stability, while maintaining [image: image], [image: image], [image: image] and [image: image] constant, the stability boundary conditions under the aforementioned disturbances can be calculated based on Table 2 as follows:
[image: image]
To verify the validity of the proposed stability limits, the initial load of the DC load is 20 kW, the power of the drive motor is 50 kW, and the loads carried by the SOFC and the Li-ion battery are 40 kW and 30 kW respectively, while the system parameters remain unchanged. The large perturbation settings of the system are as follows: the Li-ion battery is disconnected at t = 4 s, resulting in a sudden increase of the load by 30 kW. The critical value of the large signal stability of the system is [image: image].
From the above, it can be seen that at t = 4 s, the Li-ion battery is disconnected and the system large perturbation is 30 kW, and according to the large-signal stabilisation condition in Eq. 33, the system satisfies the large-signal stabilisation condition before the jump. However, after the jump, the voltage gradually drops to the stability boundary due to the slow response characteristic of SOFC and does not satisfy the stability condition. The simulation results are shown in Figure 6: the system is stable before t = 4 s. After t = 4 s, it can be seen that the dc bus voltage drops and oscillates after the sudden increase of the load disturbance. When the SOFC voltage drops below the stability boundary condition, it causes the system to collapse, indicating that the system is unstable.
[image: Figure 6]FIGURE 6 | Shows the simulation waveform when the load Li-ion battery is disconnected and the major system disturbance is 30 kW.
The SOFC and the Li-ion battery carry a load of 20 kW and 30 kW respectively when the engine power is 30 kW, while other system parameters remain unchanged. The large disturbance of the system is set as follows: the Li-ion battery is disconnected at t = 4 s, resulting in a sudden increase of the load by 30 kW. The critical value of the system’s large signal stability is [image: image]. The system increases from 20 kW to 30 kW at t = 4 s.
The system rapidly increases from 20 kW to 50 kW at t = 4 s. The simulation results are shown in Figure 7: before t = 4 s the system is stable. After t = 4 s, it can be seen that the DC bus voltage drops and oscillates after a sudden increase in the load disturbance. However, the system eventually returns to equilibrium under large disturbances as the [image: image] drops to around 297 V, which is not below the boundary conditions.
[image: Figure 7]FIGURE 7 | Depicts the simulation waveform when the load power switches from 20 kW to 50 kW.
The above two simulation results confirm that the proposed stability boundary can effectively predict the drop limit of [image: image] under different operating conditions, consistent with the determined system’s large signal stability domain.
5.3 Calculation of proportional gain boundaries for voltage and current loops in SOFC systems
According to the stability criterion Eq. 33 of the system, it can be seen that the stability of the system under large disturbances is closely related not only to the SOFC power voltage [image: image], but also to the parameters of each unit. Based on the obtained [image: image] stability limits, the proportional parameters [image: image] and [image: image] of the current and voltage loops of the boost converter are adjusted to improve the stability of the system. The large signal criterion includes not only the control loop parameters [image: image] and [image: image], but also [image: image] and [image: image], which have non-arbitrary values. As [image: image] and [image: image] increase, the overshoot of the regulated voltage in the control loop decreases, preventing excessive voltage overshoot and helping to stabilise the large signal. By adjusting these parameters, the stability limit can be effectively reduced and the stability margin increased to ensure that the system can meet the requirements of the IACS “Electrical and Electronic Installations”, i.e., the voltage fluctuation of the DC distribution system should be within ±10% of the steady-state value of the designed voltage.
The large perturbation of the system is set to occur at 4 s. To simulate various operating conditions during ship operation, the propulsion motor load is gradually increased from an output power of 30 kW to a rated power of 150 kW. As analysed in the previous section, the DC load is equivalent to the CPL. Eq. 32 shows that different control parameters lead to different boundary conditions. Due to the large load disturbances, it is necessary to change the control parameters of the lithium battery to improve the system’s resistance to disturbances. Based on the parameters in Table 2, the boundary conditions under the above mentioned large disturbances can be calculated as follows:
[image: image]
Here five sets of Boost converter double loop control parameters are used as shown in Table 3. The simulation results of the dynamic response characteristics of the ship DC microgrid system under its control are shown in Figure 8. The reference value of DC bus voltage is [image: image] = 600 V. From Figure 8A, it can be seen that when the load changes, the inrush load is increased from 50 kW to 170 kW, which results in the bus voltage dropping to less than 520 V and oscillating, and it is not possible to return to the equilibrium point, and the system enters into an unstable state. And from Table 3, group A parameters do not satisfy the stability boundary criterion Eq. 34. In group B parameters, the stability boundary of [image: image] is reduced by increasing [image: image] and [image: image], which enhances the system’s anti-interference capability. As shown in Figure 8B, when the load is varied, although the voltage drops for a longer time, it finally converges to the equilibrium point, indicating that the system can enter the stable state and yet satisfy the stability boundary criterion Eq. 34. Since the PI control can reduce the oscillation amplitude, in groups C and D, the [image: image] stability boundary decreases with increasing [image: image], and the response speed and convergence time are shortened accordingly. The simulation results in Figures 8C, D are consistent with the stability criterion results, and the system is stable.
TABLE 3 | Stability prediction of variables [image: image] and [image: image]
[image: Table 3][image: Figure 8]FIGURE 8 | Simulation of bus voltage and SOFC voltage at different operating points of the DC microgrid. (The labels (A–E) in the figure are the simulation data for operating conditions (A–E) in Table 3, respectively.)
Since the system cannot satisfy the criterion in IACS after perturbation, the PI parameters are raised as shown in Table 3 to satisfy the stability boundary system is stable. The simulation results are shown in Figure 8E, where the load voltage drops to within 540 V after a large perturbation, within udc±10%, and the voltage recovery speed is 0.1 s. The results show that the system is stable and meets the criteria in IACS.
Based on the above analyses, it can be seen that the stability criterion Eqs 33, 34 can predict the critical value of the [image: image] and the system stability under large perturbations relatively accurately. The stability criterion calculation method proposed in this paper can provide theoretical guidance for the transient stability of the SOFC control system.
6 CONCLUSION
In this paper, based on the theory of mixed potential function, we derive the large-signal stability derivation method applicable to the hybrid system with SOFC lithium battery, obtain the mixed potential function of the system, and analyse the stability criterion of the output voltage with SOFC and the control parameters of Boost converter. The following conclusions are drawn:
(1) Based on the hybrid potential function, the stability criterion of the system with source-terminal voltage is derived, and the impact of source-terminal voltage drop on the system stability is analysed to be relatively large.
(2) The proposed stability criterion calculation method is simple and analytical, and can more accurately predict the influence of SOFC power unit control parameters on system stability.
(3) under the condition of shock load step change, the double closed-loop PI control can effectively suppress the DC bus fluctuation and accelerate the system steady state recovery, so as to improve the stability of the converter control system.
In conclusion, the proposed methodology and stability guidelines can provide good stability guidance for the design of integrated and coordinated control of a ship’s DC microgrid containing SOFC power supplies.
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