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Abstract: With the aggravation of energy problems, the development and utilization of new energy has become the focus of all countries. As an effective new energy, the fuel cell has attracted the attention of scholars. However, due to the particularity of proton exchange membrane fuel cell (PEMFC), the performance of traditional PI controlled phase-shifted full-bridge power electronics DC-DC converter cannot meet the needs of practical application. In order to further improve the dynamic performance of the converter, this paper first introduces several main topologies of the current mainstream front-end DC-DC converter, and analyzes their performance in the fuel cell system. Then, the operation process of the phase-shifted full-bridge power electronics DC-DC converter is introduced, and the shortcomings of the traditional PI control are analyzed. Finally, a double closed-loop adaptive fuzzy PI controller is proposed, which is characterized by dynamically adjusting PI parameters according to different working states to complete the intelligent control of phase-shifted full-bridge DC-DC converter. The simulation results in MATLAB/Simulink show that the proposed algorithm has good a control effect. Compared with the traditional algorithm, the overshoot and stabilization time of the system are shorter. The algorithm can effectively suppress the fluctuation of the output current of the fuel cell converter, and is a very practical control method.
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1  Introduction

Currently, with the development of society, people's demand for electricity is rising sharply. It plays an increasingly important role in human life. Nowadays, electricity is mainly generated from fossil fuels, such as gasoline, coal, natural gas, etc. Fossil fuels are not only limited in reserves, but also have a bad impact on the environment [1]. It is necessary to explore clean and reliable alternative energy, which does not rely on fossil fuels. These alternative energy sources include solar energy, wind energy, biomass energy, geothermal energy, tidal energy, hydropower, etc. The energy obtained from these sources is called renewable energy [2]. The advantage of renewable energy is that it is inexhaustible and will not pollute the environment. At present, all countries are focusing on the development of new energy technology [3]. New technologies for renewable energy systems are emerging [4]. Using fuel cell to generate electricity is one of the new energy technologies, whose power generation process will not disturb the environment [5]. Fuel cell is a promising device because it is efficient, modular and can be placed anywhere to improve system efficiency [6].

Because the proton exchange membrane fuel cell (PEMFC) has the characteristics of high-power density, fast start-up, light weight and low cost, it is more suitable for low-power, small-scale power generation [7–11]. Compared with traditional batteries, fuel cells have more fluctuating voltage changes during operation [12]. Therefore, it is of great significance to design a good DC-DC converter to improve the rapidity and stability of fuel cells generation system.

At present, the main DC-DC converter topology can be roughly divided into two types: non-isolated and isolated [13–19]. Several representative topologies of non-isolated DC converters include the buck circuit, the boost circuit, the buck-boost circuit, the cuk circuit, etc. The buck circuit can only be used to decrease the voltage, so it is not suitable for the preceding stage DC-DC converter of the fuel cell grid-connected power generation system. Although the boost circuit can increase the voltage, its voltage increase ratio is limited due to the limitation of duty cycle of power electronics devices. It is not also suitable. The buck-boost circuit can achieve both the voltage increase and the voltage decrease, but it is also limited by the duty cycle of power electronics devices, and its voltage increase ratio is also limited. The cuk circuit has the advantage of continuous input-output current, but its voltage decrease ratio is limited. They are not suitable for the DC-DC converter studied in this paper too.

Isolated DC-DC converters include the single-ended flyback circuit, the single-ended forward circuit, the half bridge DC-DC circuit, the full bridge DC-DC circuit, etc. The single-ended forward circuit uses a high-frequency transformer to achieve the electrical isolation and the voltage increase. However, it is generally not used in high power applications because of its high voltage stress and the magnetic reset problem. The single ended flyback circuit also uses a high-frequency transformer to achieve the electrical isolation and the voltage increase, but its disadvantages such as obvious output voltage ripple, high stress on power electronics devices and discontinuous output power limit the application in fuel cell preceding stage DC-DC converter. The half bridge DC-DC circuit uses the single-phase inverter circuit to convert the DC voltage to the AC voltage, which is amplified by the transformer and then output the DC voltage by the rectifier circuit and the filter circuit. The output voltage fluctuation of this topology is small, and the transformer is bi-directional excitation. It is more suitable for the preceding stage DC-DC converter of the fuel cell. However, the voltage utilization of its input side is only 50%. Moreover, there is the problem of input voltage sharing, so it needs to be improved. The full-bridge DC-DC circuit is adopted in this paper, which can avoid the problem of the input voltage balance, and the utilization rate of the input voltage rises to 100%.

The phase-shifted full-bridge DC-DC converter, as the key topology of the power conversion, has become the focus of the current research. There converter is often controlled by PI adjuster [20–24]. However, the control effect is often poor when the voltage source system is nonlinear and has uncertain parameters and structure. Therefore, how to change the existing controller structure and introduce intelligent control strategy to make the fuel cell generation system have the better dynamic response speed and the stability coefficient is an urgent and meaningful work.

PI control method is often used in the DC-DC converter, which is easy to implement. By controlling the current with negative feedback, not only the steady-state characteristics can be improved, but also the dynamic characteristics can be improved. After PI control processing, the quality of current is obviously improved and the noise pollution is reduced [25–27]. However, in order to have small steady-state error and system stability at the same time, it is necessary to adjust the parameters continuously to achieve a compromise. This problem can be solved by fuzzy PI control [28], a kind of intelligent control, which uses fuzzy reasoning to control the complex nonlinear system. In the design of fuzzy control system, we do not need to know the exact mathematical model of the controlled object, which is different from the traditional PI control method. Because there is no need to establish a precise mathematical model, the design of fuzzy control is easier and easy to be applied to various control systems [29,30].

In this paper, a double closed-loop adaptive fuzzy PI controller is proposed by analyzing the special performance of the fuel cell. According to different task states, PI parameters are dynamically adjusted to realize the intelligent control of the phase-shifting full-bridge DC-DC converter. The simulation results in MATLAB/Simulink show that the algorithm proposed in this paper has a better control effect. It can not only effectively control the output voltage of the DC-DC converter to be the set value with faster speed and low overshoot, but also enhance its anti-disturbance performance and reduce the output current ripple. In addition, compared with the traditional PI control, it can reduce the adjustment time and the fluctuation of the fuel cell output voltage when the system starts up.

The structure of the paper is as follows. Section 2 introduces the topology and the mathematical model of the full-bridge DC-DC converter. The traditional control algorithm of the DC-DC converter is analyzed in Section 3. Section 4 designs the adaptive double closed loop PI controller. Section 5 shows the simulation results. The paper is concluded in Section 6.

2  Topology and Mathematical Model of the Full-Bridge DC-DC Converter

2.1 Structure and Operation Principle

The full-bridge DC-DC converter is composed of the full-bridge inverter, the high-frequency transformer, the rectifier and the LC filter generally. As shown in Fig. 1, VT1, VT2, VT3, VT4 are IGBTs, VD1, VD2, VD3, VD4 are the corresponding antiparallel diodes; C1, C2, C3, C4 are the corresponding parasitic capacitance; Lk is the equivalent leakage inductance of the primary side of the high-frequency transformer; V1, V2 are the original input voltage and the secondary output voltage; i′ is the input current of the high-frequency transformer; N is the ratio of the transformer; Vin, Vout and i are the input voltage, the output voltage and the output current respectively; VD5, VD6, VD7, VD8 are the diodes of the rectifier bridge, which convert the AC voltage V2 into the DC voltage; L and C is the inductance and the capacitance of the LC filter; R is the equivalent resistance of the load; A and B are the middle point of the half bridges; C and D are the positive point and the negative point of the output bus; T is the high-frequency transformer.

The operation of the phase-shifted full-bridge DC-DC converter can be divided into eight subintervals. The waveform of each electric quantity during the operation of the converter is shown in Fig. 2, where, Vd1, Vd2, Vd3 and Vd4 are the driving signals, which is applied to the four IGBTs.
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Figure 1: Topology diagram of a phase-shifting full-bridge DC-DC converter
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Figure 2: Waveforms of the phase-shifted full-bridge DC-DC converter during its operating process

Subinterval 1 [t1 − t2]: VT1 is turned on and VT2 is turned off at t1. Parasitic capacitance C1, C2, original side equivalent leakage inductance of the high frequency transformer Lk and the series equivalent inductance L produce resonance, causing C1 discharge, C2 charge. When C1 finishes discharging, the equivalent antiparallel diode VD1 begins to freewheel. At this stage, VT2 performs zero-voltage turn-off, and VT1 prepares for zero-voltage turn-on. In Subinterval 1, the equivalent circuit is shown in Fig. 3. VAB = 0, i′ < 0 and its absolute value decreases with the slope of NVout/(N2Lk+L); the original side voltage V1=−NLkVout/(N2Lk+L); the output voltage of the rectifier bridge VCD=|V2|=N|V1|=−N2LkVout/(N2Lk+L), and the output current i of the DC-DC converter decreases with the slope of Vout/L.
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Figure 3: Equivalent circuit of the DC-DC converter in Subinterval 1

Subinterval 2 [t2 − t3]: VT4 is turned on and VT3 is turned off. C4 starts to discharge at t2. At this time, the parasitic capacitance C3 and C4 resonate with Lk. When C4 is discharged to 0, the antiparallel diode VD4 turns on. In Subinterval 2, the equivalent circuit is shown in Fig. 4. VAB = Vin, i′ < 0 and its absolute value decreases with the slope of Vin/Lk; the original side voltage of the transformer V1 = 0; the output voltage of the rectifier bridge VCD = 0, and the output current i of the DC-DC converter decreases with the slope of Vout/L.
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Figure 4: Equivalent circuit of the DC-DC converter in Subintervals 2 and 3

Subinterval 3 [t3 − t4]: At t3, the current in the input side of the transform becomes 0 and a positive current is established rapidly. The current in VD1 and VD4 are commutated to VT1 and VT4, and VT1 and VT4 zero voltage turns on. In t3 − t4, the equivalent circuit is the same as Subinterval 2, and the actual direction of the input current is opposite. In Subinterval 3, the equivalent circuit is shown in Fig. 2, which is similar to Subinterval 2.

Subinterval 4 [t4 − t5]: In Subinterval 4, the equivalent circuit is shown in Fig. 5, VAB=Vin, i′ > 0 and its absolute value increases with the slope of −(N2Vin−NVout)/(N2Lk+L); the original side voltage of the transformer V1=Vin; the output voltage of the rectifier bridge VCD=|V2|=N|V1|=NVin, and the output current i of the DC-DC converter decreases with the slope of (NVin−NVout)/(N2Lk+L).
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Figure 5: Equivalent circuit of the DC-DC converter in Subinterval 4

The latter four stages are similar to the previous four stages. It will not be repeated here. Note that not only the relationship and the waveform of each electric quantity in the steady-state state is obtained above, but also the zero-voltage switching can be realized in the phase-shifting full-bridge DC-DC converter.

2.2 DC-DC Converter Mathematical Model

To establish the mathematical model of the DC-DC converter, some assumptions are follows:

(1)   All power electronics devices are ideal devices;

(2)   The high-frequency transformer is an ideal transformer;

(3)   The input voltage is constant and the capacitance is infinite;

(4)   The load is the resistance load.

In order to realize the modulation of the DC-DC converter, it is necessary to divide bridge legs of the full-bridge converter into the leading bridge leg and the lagging bridge leg. The driving signals of VT1 and VT2 are ahead of that of VT4 and VT3, respectively. The bridge leg composed of VT1 and VT2 is called the leading bridge leg, while the bridge leg composed of VT4 and VT3 is called the lagging bridge leg.

The leading bridge leg is denoted as A bridge leg and the lagging bridge leg is denoted as B bridge leg.

The binary logical function Sk is defined as:

Sk = {1Upper IGBT is ON and lower IGBT is OFF0Lower IGBT is ON and upper IGBT is ON (k=A,B)(1)

When using ideal power electronics devices, if SA = 0, SB = 0, then VAB = 0; if SA = 0, SB = 1, then VAB = −Vin; if SA = 1, SB = 0, then VAB = Vin; if SA = 1, SB = 1, then VAB = 0, so:

VAB=(SA−SB)Vin(2)

If the leakage inductance is small, it can be ignored. At this point, the output voltage of the secondary side:

V2=NV1=NVAB=N(SA−SB)Vin(3)

When the voltage drop of the rectifier diode is ignored, the output voltage of the rectifier bridge is:

VCD=|V2|=N|SA−SB|Vin(4)

Considering the internal resistance r of the filter inductance, the instantaneous value of the output voltage of the DC-DC converter is vout, so the mathematical model described by the switching function is obtained:

p[ivout] = [−rL−1L1C0][ivout] + [|SA−SB|NLVin−iLC](5)


where p is the differential operator. Making assumption:

S = {1 SA≠SB0 SA=SB(6)

Therefore, Eq. (5) can be simplified as:

p[ivout] = [−rL−1L1C0][ivout]+[SNLVin−iLC](7)

This is the mathematical model of the DC-DC converter.

3  Traditional Control Algorithm of DC-DC Converter

The phase shift control modulation method is used in the DC-DC converter [31]. The pulse waveforms of the phase-shifting control modulation method are shown in the Fig. 6. The Vd1, Vd2, Vd3 and Vd4 are the driving voltage of VT1, VT2, VT3, VT4; VAB is the full bridge output voltage waveform; ϕ is the phase-shifting angle. The phase of Vd1 and Vd2 are in the opposite and the phase of Vd3 and Vd4 are in the opposite. Vd4 lags behind Vd1 by ϕ angle and Vd3 lags behind Vd2 by ϕ angle.
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Figure 6: Waveforms of the phase-shift control modulation method

Set t1 − t5 as a period, so the average voltage output by the converter is:

V¯CD=π−ϕπ×NVin(8)

So, the output voltage can be adjusted by adjusting the phase shift angle.

According to the mathematical model in Section 2.2, the average mathematical model can be obtained:

p[ivout] = [−rL−1L1C0][ivout] + [MNLVin−iLC](9)


where, M can be gotten by

M = π−ϕπ(10)

Firstly, considering the current loop, the current model equation is:

pi=−rLi−1Lvout+MNLVin(11)

The PI regulator is used as the current regulator. The output of the current loop can be gotten by:

M=(KiP+KiIs)(i∗−i)+1NVinvout(12)

Secondly, the voltage loop model equation is:

pvout=iC−iLC(13)

The voltage loop also uses PI regulator, and the output is:

i=(KvP+KvLs)(vout∗−vout)(14)


where KiP, KiI, KvP and KvL are the control parameters of the DC-DC converter. Therefore, the control structure of the DC-DC converter is shown in Fig. 7.
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Figure 7: DC-DC converter control structure diagram

Firstly, the given voltage is compared with the voltage feedback, then the given current value is obtained through the PI regulator. Similarly, the given current is compared with the feedback current, and then the comparison result is calculated by the PI regulator. The output result is added with the voltage feed forward to obtain the M. M is used to get the PWM signal, which is used to control the full bridge of DC-DC converter. The output voltage can be controlled finally. The 1/NVin control branch is the voltage feed forward branch, which is used to increase the response speed of the control system.

The control block diagram of DC-DC converter is obtained as shown in Fig. 8.

The traditional PI control for the voltage regulation of the DC-DC converter of the PEMFC is basically feasible. The mathematical model is simple and the practical operation is easy to realize. However, PEMFC is a nonlinear and time-varying complex system and it is vulnerable to external interference in the working process. So, the traditional PI control cannot get the better effect. In order to achieve the better control effect, this paper proposes adaptive fuzzy PI control in the next section and compares it with the traditional PI control.
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Figure 8: Dynamic structure diagram of the DC-DC converter based on the traditional PI controller

4  Design of Adaptive Double Closed Loop PI Controller

In the previous section, we have introduced the principle of DC-DC converter based on the traditional PI controller. In the actual experiment, the performance of the traditional PI is not ideal due to the particularity of the fuel cell. Therefore, we design an adaptive double closed-loop PI controller based on the traditional PI controller by analyzing the data characteristics.

Compared with the traditional control method, the controller in this paper adopts the design of the current and voltage double closed-loop. The PI controller parameters can be adjusted adaptively according to the different working states of the fuel cell, which makes the whole control system more targeted.

4.1 Analysis of Power Supply Starting Condition

In the start-up of the DC-DC converter of the fuel cell, the output voltage vout changes from zero, and the given target voltage value v*out is much larger than vout. To ensure the stability of the system, the PI regulator output of the voltage regulator will soon reach the threshold. At this time, the performance of the system voltage output is mainly determined by the current regulator.

In the adjustment process of the starting link, the ideal current i* reaches the maximum threshold i*max. The current regulation PI regulator can be viewed as a control for the actual output current i. In the fuel cell, the current i fluctuates greatly due to the work of the phase-shifting full-bridge DC-DC converter (as shown in Fig. 9). In order to control the rapid response of the output voltage, a fuzzy PI regulator is designed in this paper, and its system structure is shown in Fig. 10. The main parameters in the fuzzy PI control are KvP, KvI, KiP, KiI. KvP is the proportional coefficient of the voltage regulator and KvI is the integral coefficient of the voltage regulator. When KvP and KvI become larger, the response rate of the voltage will be fast but the stability will be poor. When KvP and KvI become smaller, the oscillation of the voltage will be smaller and the disturbance rejection will be enhanced. KiP is the proportional coefficient of the current regulator and KiI is the integral coefficient of the current regulator. When KiP and KiI become larger, the response rate of the current will be fast but the stability will be poor. When KiP and KiI become smaller, the oscillation of the current will be smaller and the ability of disturbance rejection will be enhanced.

The fuzzy PI controller takes the voltage error ev = v*out – vout as the input. According to the fuzzy rules, when the error is large, the voltage regulation PI regulator reaches the threshold value. Meanwhile, a larger control parameter KiP and KiI is given to increase the system speediness and make the output voltage quickly reach the ideal state. When the error ev decreases gradually and the voltage PI regulator drops below the maximum threshold, the fuzzy rules are set to reduce the control variables KiP and KiI of the current regulated PI regulator. The process of changing parameters can help to increase the stability of the system.
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Figure 9: Actual output current i of the DC-DC converter
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Figure 10: Dynamic structure diagram of the DC-DC converter based on the adaptive fuzzy PI controller

4.2 Analysis of the Load Condition

According to the introduction of the adaptive fuzzy PI current regulator in the previous section, the fuel cell can quickly and stably reach the set ideal voltage value. However, when the load decreases suddenly, the voltage increases suddenly, and the fall speed of the theoretical current i* is much faster than the change of actual current i. To reduce the overshoot of output voltage and improve the response speed, the voltage regulator should be improved.

In view of the working situation after decreasing the load, an adaptive fuzzy PI voltage regulator is proposed, which can autonomously adapt the control variables KvP and KvI of the voltage PI regulator and the current PI regulator by monitoring the change error of the ideal current of the load. The whole design process is similar to that of the fuzzy PI current regulator. The fuzzy PI controller takes the voltage error ev = v*out – vout as the input, and the output variables are voltage regulator parameters KvP and KvI. At run time, the control system completes the adaptive control of the PI controller through the result of fuzzy rules processing, table and operation.

5  Simulation Results and Analysis

To verify the control performance of the proposed algorithm, a full bridge converter was built in MATLAB/Simulink. Table 1 shows the parameters of the main circuit, and Fig. 11 shows the main circuit of the full-bridge converter.
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Figure 11: Main circuit of the full bridge converter

According to the performance requirements of the fuel cell DC-DC converter, the experimental conditions of the full load starting and the load reducing disturbance are set. In the experiment, the system starts at 0 s, the target voltage is 650 V, and the total load resistance is 84.5 Ω, which means the full load operation. At 1 s, the contactor is disconnected, and the total load resistance is 169 Ω, which means the half load operation. The experiment mainly tests the rapidity of the system when it starts at the full load and the anti-interference performance when the load is decreased.

It can be seen from Fig. 12 that when the fuel cell is working, its voltage fluctuation is larger than that of the fixed voltage source, and the maximum amplitude fluctuation is nearly 20%.
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Figure 12: DC-DC converter input voltage variation under the action of the fixed voltage source and the fuel cell

The results in Fig. 13 show that the fluctuation of the fuel cell current will lead to the increase of output voltage regulation time of the DC-DC converter, and the traditional PI controller will lead to the decline of the fuel cell performance. Therefore, it is very necessary to propose a new controller for the fuel cell.
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Figure 13: Voltage variation of output terminal of the DC-DC converter under traditional PI controller

The results in Fig. 14 show that the DC-DC converter can establish the stable output voltage quickly under the action of the fuzzy adaptive PI controller at full-load starting, and the voltage regulation time is 0.35 s, which is about 20% less than the 0.44 s of the traditional PI current regulator. According to the data details in the figure, the voltage overshoot and steady-state error of the new algorithm are also smaller than that of the traditional PI controller, and the range of the steady-state error is about ±0.05 V, which meets the requirements.
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Figure 14: Voltage variation at the DC-DC output terminal of the fuel cell converter during startup

Compared with the traditional PI voltage regulator, as shown in Fig. 15, the new algorithm can greatly reduce the overshoot, and its adjustment time is 0.014 s, which is very fast and meets the requirements. The waveform with the red dotted line in the Fig. 15 is the voltage variation at the DC-DC output terminal when the traditional PI control is used and the load decreases. The waveform with the blue line is the voltage variation when the fuzzy adaptive PI control is used and the load decreases.

In order to better display its disturbance rejection performance, the voltage variation when the load increases is shown in Fig. 16. The test condition is that the load step from the half load to the full load at 1 s. The waveform with the red dotted line is the voltage variation at the DC-DC output terminal when the traditional PI control is used and the load increases. The waveform with the blue line is the voltage variation when the fuzzy adaptive PI control is used and the load increases.

Fig. 17 shows the voltage waveforms of the fuel cell when the traditional PI control and the fuzzy PI control are used respectively. From the figure, the fuel cell voltage can reach the steady value more quickly in the boot process when the fuzzy PI control is used. In addition, note that the adaptive fuzzy PI controller can effectively reduce the fluctuation of the output voltage of the fuel cell converter from the data in the figure, which is conducive to the normal operation of the fuel cell.
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Figure 15: Voltage variation at the DC-DC output terminal of the fuel cell converter when the load decreases
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Figure 16: Voltage variation at the DC-DC output terminal of the fuel cell converter when the load increases

In order to test the anti-noise performance, the comparison before and after considering the measurement noise is added, which is shown in Fig. 18. In the test, the signal-to-noise ratio for both voltage and current signals is set at about 5%, which is the serious situation in practice. The result shows no significant difference in both cases, which means the controller has strong anti-noise performance.

Figs. 19 and 20 show the switching waveforms of the full-bridge within 0 to 0.25 s when the traditional PI control and the adaptive fuzzy PI control are adopted (the waveforms are the voltage of the point A relative to the point B in Fig. 1). Note that the output voltage of the full-bridge is higher at the start-up stage of the converter when the adaptive fuzzy PI control is adopted. At the initial stage, the input error of the PI regulator is large. According to the fuzzy control rules, the proportional coefficient and the integral coefficient of the PI regulator become larger, and the full-bridge output voltage becomes higher. When approaching the steady state, the proportional and integral coefficients of the PI regulator will be adjusted for several times as the input error of the PI regulator decreases, so the multi-step waveforms in the dotted frame in Fig. 20 is presented.
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Figure 17: Change of the fuel cell output voltage during simulation experiment
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Figure 18: The comparison before and after considering the measurement noise
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Figure 19: Switching waveform of the full-bridge within 0 to 0.25 s when the traditional PI control is adopted
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Figure 20: Switching waveform of the full-bridge within 0 to 0.25 s when the adaptive fuzzy PI control is adopted

6  Conclusion

In this paper, a double closed-loop adaptive fuzzy PI controller is proposed to dynamically adjust PI parameters. The new algorithm can complete the intelligent control of the phase-shifting full-bridge DC-DC converter of the fuel cell under different task states. The simulation results in MATLAB/Simulink show that the algorithm proposed in this paper has a better control effect. Because of the particularity of the fuel cell, the traditional PI control can not give full play to the excellent performance of the fuel cell DC-DC converter. The proposed fuzzy control can not only effectively control the output voltage of the DC-DC converter to be the set value with faster speed and low overshoot, but also enhance its disturbance rejection performance and reduce the output current ripple. In addition, compared with the traditional PI control, it can reduce the adjustment time and the fluctuation of the fuel cell output voltage when the system starts up.
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Table 1: Parameter of main circuit

Name

PEMFC

Inverter side capacitance
Transformer leakage inductance
High frequency transformer ratio
Filter inductance

Filter inductance resistance
Filter capacitance

Resistive load

Parameter

5 kW/48 V
22 mF

1 nH

1:25

1.94 mH
0.1 Q
2.2mF
84.5Q
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