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Abstract

:

DC/DC converters for fuel cell electric vehicles need not only high boost ratio and high efficiency, but also strong anti-jamming capability. Therefore, it is especially important to devise a control method with strong robustness under the premise of an appropriate topology. In this paper, a simple dual-switch boost converter topology is adopted. We use the state space averaging method to build a small signal model, and based on this model, we propose a feedforward-double feedback control system for continuous conduction mode (CCM) mode. Simulation and experimental results show that the proposed feedforward-double feedback control system improves the robustness of the system while ensuring a high boost ratio and efficiency, and solves the problem of weak output characteristics of fuel cells. The control effect is similar to the sliding mode control, which is known for its robustness, while the rise time of step response is only 1/10 of that of the voltage feedback control system. When the output voltage of the DC/DC converter is 55 V, the DC/DC converter using feedforward-double feedback control system is more robust than the voltage feedback control system under sudden change of load.
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1. Introduction


With the increasing demand of traditional automobiles for petroleum energy, the impact of automobile exhaust on environmental pollution becomes more and more serious. Electric vehicles have become an inevitable trend in the development of the automotive industry [1,2]. Fuel cell electric vehicles do not cause any form of pollution and have high efficiency and low noise. Because of these advantages, they have become the research hotspot in the field of international new energy vehicles [3,4]. However, because of the soft electrical output characteristics of the fuel cell and insufficient dynamic response capability, DC/DC converters are effective for power conversion, energy transfer, and control [5,6]. DC/DC converters for fuel cell vehicles must ensure a high boost ratio and conversion efficiency, as well as a low output voltage ripple. It must also prevent DC bus voltage fluctuations and low input current ripple to extend battery life. In addition, this type of DC/DC converter should be able to address the voltage mismatch between the fuel cell and the DC bus. Thus, it is challenging to design its topology and develop a control strategy [7,8].



Researchers have performed a series of studies on the topology design and control strategy of DC/DC converters for fuel cell electric vehicles. Reference [9] proposed a boost DC-DC converter based on switched capacitors, which can achieve a wide voltage auth-infogain range by using a simple structure. Reference [10] proposed a wide-range zero-voltage switching (ZVS) active clamp current-fed push-pull converter for fuel cells. Its output can satisfy the range of wide input voltage change from rated load to 10% full load, thus improving the overall efficiency. Reference [11] proposed a novel DC/DC converter topology. The input parallel connection of the converter can reduce the input current ripple, and the output series connection can achieve high voltage gain. Reference [12] proposed a high gain non-isolated soft-switching DC/DC converter. The auxiliary switch at the output terminal can realize the function of the power clamp circuit thus realizing the zero-current switch of the switch and improving the efficiency of the converter. In [13], a current control method was proposed for a single-inductor and multi-output BUCK-BOOST converter, which achieves a high-energy conversion efficiency in the boost and buck modes, and its peak efficiency can exceed 91% at full load. In [14], based on the current-fed Cockcroft-Walton voltage multiplier (CW-VM), a new non-isolated, high-boost DC-DC converter was proposed, that comprised two low-voltage common-emitter switches. The use of the current-fed CW-VM eliminates a few problems associated with conventional voltage feed types, such as voltage ripple and load-related voltage drops. In [15], a novel non-isolated ZVS interleaved DC-DC boost converter was proposed. This topology can effectively recycle and utilize the energy of leakage inductance. In addition, the main switch and clamp switch can realize zero voltage switching. The active clamp circuit solves the voltage spike problem on the main switch. In [16], a model predictive control algorithm based on multi-phase control optimized current stress was designed for an output-parallel multiphase active bridge DC/DC converter, which improved the dynamic performance, balanced transmission efficiency, and optimized current stress. In [17], an expandable single-input three-output high step-up dc-dc boost converter is proposed. The voltage conversion ratio of the output ports of the converter can be increased by inductor-diode-capacitor and dio-decapacitor cells. Furthermore, the converter is capable of stable operation over a wide range, increasing the boost ratio without coupling inductors and transformers. The two switches are turned on or off at the same time, and the control is simple. Reference [18] presented a novel DC/DC converter, which achieves high voltage gain without coupling inductance. Because no auxiliary unit is needed to suppress the voltage spike caused by the coupling inductor, it has the advantages of simple structure and small size. In summary, for the application requirements of DC/DC converters in fuel cell vehicles, in addition to optimizing the design of the converter topology, it is necessary to establish an accurate mathematical model for the converter and develop an optimized control algorithm to improve the dynamic and steady-state characteristics of the converter [19,20].



The dual-switch boost converter has advantages of simple structure, high boost ratio and easy control, therefore, the control method proposed in this paper is relatively easy to implement [21,22]. The dual-switch boost converter is investigated in this study, and small-signal modeling is carried out using the state space averaging method. On this basis, a feedforward-double feedback control system is proposed for the DC/DC converter. The control method not only improves the robustness of the system, but also reduces the difficulty of control largely.




2. Topology and Working Principle of DC/DC Convertor for Fuel Cell Vehicles


2.1. Topology of Converter


The dual-switch boost converter topology consists of two power switches K1, K2; two energy storage inductors L1, L2; a diode D, and an output filter capacitor C1. The two power switch devices are turned on or off simultaneously. The structure is simple, and the boost voltage is relatively high, which can meet the basic requirements of the DC/DC converter for fuel cell vehicles.



Assume that each component shown in Figure 1 is ideal. The inductance values of L1 and L2 are equal, and the parameters of the two MOSFETs K1 and K2 are equal and simultaneously turned on or off. In addition, the ON and OFF states of the MOSFETs correspond to different states.



When the switch is in the ON state, there are two current loops in the circuit, as shown in Figure 2. The parameters K1 and L2, K2 and L1 are connected in parallel with the input power source E to form the first loop. The filter capacitor C1 and load Z constitute a second loop. The turn-on voltage drop of the MOSFET is ignored. Inductors L1 and L2 are equivalent to two current sources, the voltage of which is the input supply voltage E. The direction of voltage and current is the associated reference direction, at which time the inductor absorbs energy. In one cycle TS, the two switches are turned on for D × TS, where D is the duty cycle of the PWM. If the inductor current is assumed to be constant, then IL1 = IL2 = IL. The energy absorbed by the inductors L1 and L2 is given by:


WL=E×IL×D×TS



(1)







When the switch device is in the OFF state, the input power source E, the inductors L1 and L2 are connected in series. Energy is supplied to the filter capacitor C1 and the load through the diode D, and the capacitor replenishes energy.



The working mode of the dual-switch boost converter when the MOSFET is turned off is shown in Figure 3. At this time, there is a current loop in the circuit, that is, the inductors L1 and L2, the input power source E, the diode D, the filter capacitor C1, and the load constitute a loop. The voltage directions of the inductors L1 and L2 are not correlated with the current direction, at which time energy is released. The energy released by each inductor is given by:


WL′=(U−E2)×IL×(1−D)×TS



(2)







According to the conservation of energy, the energy absorbed and released by the inductor in one PWM cycle is equal:


WL=WL′



(3)







After simplification, the voltage gain of the dual-switch boost DC/DC converter under ideal conditions is:


Gd=1+D1−D



(4)







From Equation (4) of the dual-switch boost converter, the relationship curve between the duty cycle of the switch and the boost ratio of the converter can be obtained, as shown in Figure 4.




2.2. Converter Mode of Operation


To further analyze the working mode of the dual-switch boost converter, this study establishes a state equation. The influence of inductor current fluctuations and capacitor voltage fluctuations on the circuit should be considered when establishing the equation of state. Figure 5 shows a waveform diagram during the operation of the dual-switch boost converter.



In Figure 5, the t0–t1 stage is the ON stage of the K1 and K2 MOSFETs. At this stage, the diode D is in the cut-off state, and the voltage stress is E + U. The voltage at both ends of inductors L1 and L2 is the input voltage E, and the inductor current increases linearly because the filter capacitor supplies energy to the load separately. Therefore, the capacitor voltage is reduced. Taking inductance L1 as an example, the current changes in this state are expressed as follows:


L1dIL1dt=E



(5)







When t = D × TS, the current of inductors L1 and L2 is the maximum, and the current changes as follows:


ΔIL+=EL×D×TS



(6)







The voltage change of capacitor C1 is expressed as follows:


C1dUC1dt=−UC1Z



(7)







The equation of state can be expressed as follows:


[dIL1dtdUC1dt]=[000−1C1⋅Z]⋅[IL1UC1]+[1L10]⋅E



(8)







The working waveform of the MOSFET circuit is in the OFF state from t1 to t2. Diode D is turned on, and the inductance and input voltage simultaneously provide energy to the load and filter capacitor. At this stage, the inductance current can be expressed as follows:


−L1⋅dIL1dt=U−E2



(9)







At this stage, the inductance current decreases to the lowest value, and the current changes as follows:


ΔIL−=U−E2L×(1−D)×TS



(10)







The voltage of capacitor C1 will be increased because of the energy supplement. The voltage equation of capacitor C1 is as follows:


C1⋅dUC1dt=IL1−UC1Z



(11)







This stage is represented by the equation of state as follows:


[dIL1dtdUC1dt]=[0−12⋅L11C1−1C1⋅Z]⋅[IL1UC1]+[12⋅L10]⋅E



(12)









3. Modeling of DC/DC Converters for Fuel Cell Vehicles


To design the control system of the proposed double-switching device boost DC/DC converter, a small signal model of the DC/DC converter is established in this study [23]. In the PWM cycle, the average state space equation of the DC/DC converter for the fuel cell is obtained using the state space averaging method [24,25]:


[dIL1¯dtdUC1¯dt]=[0−1−D¯2L11−D¯C1−1C1R]⋅[IL1¯UC1¯]+[1+D¯2L10]⋅E¯



(13)







In Equation (13), D¯ represents the average of the duty ratios in one cycle. IL1¯,U¯,E¯ represent the average value of the inductor current, input voltage, and output voltage, respectively, in one cycle. When establishing the small-signal model, each average quantity is a superposition of the DC steady-state quantity and the AC small-signal. It can be expressed as follows:


{D¯=D+D∧IL1¯=IL1+IL1∧UC1¯=UC1+UC1∧E¯=E+E∧



(14)




where D, U, E, and IL1 are DC steady-state quantities, and D^, U^, E^, and IL1^ denote the amount of AC small signal disturbance. Substituting Equation (14) into Equation (13) gives:


[d(IL1+IL1∧)dtd(UC1+UC1∧)dt]=[0−1−(D+D∧)2L1−(D+D∧)C1−1C1R]⋅[IL1+IL1∧UC1+UC1∧]+[1+(D+D∧)2L0]⋅(E+E∧)



(15)







Ignoring the second-order infinitesimal, the DC steady-state model of the dual-switch boost converter is expressed as:


[UC1IL1]=[1+D1−DEEZ⋅(1−D)]



(16)







It can be seen from Equation (16) that the small signal of output voltage U and inductor current IL1 is not only affected by self-fluctuation but also by input voltage fluctuation and duty cycle fluctuation.



The AC small-signal model of the dual-switch boost converter can be established as follows:


[dIL1∧dtdUC1∧dt]=[0−1−D2⋅L1−DC1−1C1⋅Z]⋅[IL1∧UC1∧]+[1+D20]⋅E∧+[U+E2⋅L−IL1C1]⋅D∧



(17)







Taking the Laplace transform for Equation (17), we obtain:


IL1∧(s)=(1−D)⋅Z⋅IL1+(1+C1⋅Z⋅s)⋅(UC1+E)2L⋅C1⋅Z⋅s2+2L⋅s+(1−D)2ZD∧(s)+L1⋅(1+D)⋅(1+C1⋅Z⋅s)2L⋅C1⋅Z⋅s2+2L⋅s+(1−D)2ZE∧(s)



(18)






UC1∧(s)=(1−D)⋅Z1+C1⋅Z⋅s⋅IL1∧(s)−Z⋅IL11+C1⋅Z⋅s⋅D∧(s)



(19)







It can be seen from Equations (18) and (19) that the transfer function of duty cycle D to inductor current IL1 is:


GD−IL1(s)=(1−D)⋅Z⋅IL1+(1+C1⋅Z⋅s)⋅(UC1+E)2L⋅C1⋅Z⋅s2+2L⋅s+(1−D)2Z



(20)







The transfer function of input voltage E to output inductor current IL1 is:


GE−IL1(s)=L⋅(1+D)⋅(1+C1⋅Z⋅s)2L⋅C1⋅Z⋅s2+2L⋅s+(1−D)2Z



(21)







The transfer function of inductor current IL1 to output voltage U is:


GIL1−UC1(s)=(1−D)⋅Z1+C1⋅Z⋅s



(22)







The transfer function from duty cycle D to output voltage U is:


GD−UC1(s)=−Z⋅IL11+C1⋅Z⋅s



(23)







The small signal model of the dual-switch boost converter is shown in Figure 6.




4. Feedforward Compensation of DC/DC Converter-Double Feedback Controller Design


To improve the robustness of the fuel cell DC/DC converter, based on the small signal model of the DC/DC converter, a double closed-loop control system based on output voltage and current is designed, and the output voltage closed-loop control system is compared with static characteristics, dynamic characteristics (stability time, overshoot) and anti-interference ability.



The process of designing the controller is as follows:



Setting the output reference voltage Uf and comparing with the converter output voltage UO collected by the voltage sensor to obtain a voltage error signal. The voltage error signal is sent to the voltage loop PI controller for processing to obtain the desired inductor current I′L1. Then compare it with the converter inductor current collected by the current sensor to obtain a current error signal. The current error signal is sent to the current loop PI controller to obtain the adjusted duty ratio D. The duty ratio D after setting is fed into the transfer function GD−IL1(s) to get the adjusted inductor current. Then, the adjusted inductor current is sent to the transfer function GIL1−U(s) to obtain the adjusted output voltage.



The block diagram of the designed double closed-loop control system is shown in Figure 7.



It can be seen from Figure 7 that the error e1 of the output voltage with respect to the reference voltage passes through the controller GC1 to obtain the reference amount IL1_f of the inductor current. The error e2 of the inductor current with respect to its reference amount passes through the controller GC2 to obtain the control amount D∧.



It can be seen from the small signal model shown in Figure 6 that not only the duty cycle D has an effect on the system output but also the input voltage E is equally disturbing to the system. If the influence of input voltage on system disturbance is considered, the structure of the double closed-loop control system can be further represented as shown in Figure 8.



It can be seen from Figure 8 that when the system reaches steady state, if the input voltage fluctuates, it will directly act on the system until the output change of the system is fed back to the control terminal, then the duty cycle D is adjusted and the output voltage tends to be stable. Because the output characteristics of the fuel cell are soft, that is, the fluctuation of the input power source E of the DC/DC converter is relatively frequent, it is necessary to increase the feedforward control for the input voltage variation to offset its influence on system disturbance.



To this end, this study proposes a compensation −GD−IL1(s) from the input voltage E in parallel to eliminate the influence of the fluctuation of the input voltage on the system. The corresponding control block diagram is shown in Figure 9.



In actual control, the output voltage and current can only be controlled by adjusting the duty cycle of the PWM. Therefore, in the control block diagram shown in Figure 7, the compensation method has certain difficulty for introduction in engineering applications. To this end, this study transforms the control system with compensation shown in Figure 9, and its control system block diagram is shown in Figure 10.



Bring Gf(s)=−GE−IL1(s)/GD−IL1(s) in Equations (20) and (21), deduce:


Gf(s)=−L⋅(1+D)⋅(1+C1⋅Z⋅s)(1−D)⋅Z⋅IL1+(1+C1⋅Z⋅s)⋅(U+E)



(24)







In Equation (24), inductance L is 3.5 mH, capacitance C is 47 µF, and resistance Z is 100 Ω.




5. Simulation and Experimental Results Analysis


To verify the effectiveness of the proposed feedforward-double feedback control strategy, the PI parameters are adjusted using MATOTOOL, a toolbox provided by Matlab. Equation (24) is obtained using Equations (20) and (21), and the transfer function required for feedforward control is determined. The specific process capacities are shown in Figure 8, Figure 9 and Figure 10. A simulation model is built in Simscape, as shown in Figure 11. The details of the PI controller and feed-forward controller modules are shown in Figure 12, and the corresponding device parameters are listed in Table 1.



In this paper, the extended response curve method is used to tune PI parameters. Firstly, the system is in manual state. When the system reaches equilibrium near a given value, a step input signal is added to the system to obtain the response curve of the system to the step function. Obtain the equivalent pure lag time Tm, time constant of the controlled object τ according to the response curve at the maximum slope. Then expand the corresponding curve table by query to get the corresponding PI parameters, and finally test to make the system in the best state.



The voltage loop transfer function GC1(s) and current loop transfer function GC2(s) of double closed-loop PI controller are considered as a whole. The input and output of the double closed-loop controller are R(S) and D(S), the overall transfer function of the double closed-loop PI controller obtained is shown in Equation (25):


{[R(S)−U(S)]⋅(Kp1+Ki1S)−IL(S)}⋅(Kp2+Ki2S)=D(S)



(25)




where U(s) is the output voltage, IL(s) is the inductor current, Kp1 and Ki1 are the voltage loop PI parameters, Kp2 and Ki2 are the current loop PI parameters.



According to the obtained PI parameter value, the S domain transfer function of the double closed loop PI controller is pushed and Z-transformed. The resulting Z-domain transfer function of the double closed-loop PI controller is as shown in Equation (26):


D(Z)R(Z)=2.095−14.66⋅Z−1+43.99⋅Z−2−73.31⋅Z−3+73.31⋅Z−4−43.99⋅Z−5+14.66⋅Z−6−2.095⋅Z−71−6.999⋅Z−1+21⋅Z−2−34.99⋅Z−3+34.99⋅Z−4−20.99⋅Z−5+6.996⋅Z−6−0.9994⋅Z−7



(26)




where R(Z) is the input of the double closed loop PI controller, D(Z) is the output of the double closed loop PI controller.



The inverse transformation of Z for Equation (26) yields the expression of the discrete double closed-loop PI controller as follows:


D(k)=2.095⋅R(k)−14.66⋅R(k−1)+43.99⋅R(k−2)−73.31⋅R(k−3)+73.31⋅R(k−4)−43.99⋅R(k−5)+14.66⋅R(k−6)−2.095⋅R(k−7)+6.999⋅D(k−1)−21⋅D(k−2)+34.99⋅D(k−3)−34.99⋅D(k−4)+20.99⋅D(k−5)−6.996⋅D(k−6)+0.9994⋅D(k−7)



(27)







The Z domain transfer function of the feedforward controller is shown in Equation (28):


D(Z)E(Z)=−4.862×10−5+4.862×10−5⋅Z−11−Z−1



(28)




where E(Z) is the input of the Feedforward controller, D(Z) is the output of the Feedforward controller.



Perform the inverse transformation of Z on Equation (3) to obtain the expression of the discrete feedforward controller as follows:


D(k)=−4.862×10−5⋅E(k)+4.862×10−5⋅E(k−1)+D(k−1)



(29)







On this basis, real-time control of the controller is realized.



The input voltage is 20 V, the output voltage is 100 V, the load resistance is 100 Ω and the switching frequency is 20 kHz. The input voltage of the fuel cell can suddenly change to 30 V at 0.15 s after the operation of the system to simulate the output of the fuel cell. Furthermore, the DC/DC converter topology and the proposed feed-forward-double feedback control are verified to be suitable for fuel cell vehicles. On this premise, the output voltage waveforms of feedforward-double feedback control and voltage feedback control are studied and compared respectively, as shown in Figure 13.



As can be seen from Figure 13, when the input voltage is suddenly disturbed, the system output voltage fluctuation using voltage feedback control strategy is about 6 V, and the voltage fluctuation time is about 0.03 s. On the other hand, using the feedforward-double feedback control strategy proposed in this paper, the output voltage fluctuation of the system is about 2 V and the regulation time is about 0.01 s. Hence, the output voltage fluctuation of the feedforward-double feedback control proposed in this paper is one third of that of the voltage feedback control, and the time to restore stability after fluctuation is also one third of that of the voltage feedback control.



Setting the input voltage to 20 V, the output voltage to 100 V, and the switching frequency to 20 kHz, and considering that the output voltage will abruptly change to 110 V at 0.8 s after the system starts running, the output voltage waveforms of the voltage feedback control, the feedforward-double feedback control and sliding mode control are tested and compared, as shown in Figure 14.



As can be seen from Figure 14, based on the average state space model of the dual-switch boost converter, these control methods can achieve effective control. However, the feedforward-double feedback control system has better control effect than the voltage feedback control system. The voltage feedback control system takes a long time to reach the steady state, and when the reference value suddenly increases, the time for the voltage feedback control system to reach the steady state is about 0.2 s. On the other hand, the time of reaching steady state for the feed-forward-double feedback control system is about 0.02 s, which is one tenth of that of the single closed-loop control system. The sliding mode control system achieves steady state at 0.016 s, and has a certain overshoot. Thus, the stabilization time of the feedforward-double feedback control system is slightly longer than that of the sliding mode control system. However, the feedforward-double feedback control model is simple and easy to operate, so it is more suitable for engineering applications.



To further verify the effectiveness of the proposed method in engineering applications, a power module prototype based on the dual-switch boost converter topology is developed, as shown in Figure 15. Based on this, a comparative study of different control strategies is further carried out.



In order to verify the robustness of the proposed feed-forward-double feedback control method, load disturbance experiments are carried out. The schematic diagram of the designed load disturbance experiment is shown in Figure 16.



During the experiment, the input voltage was set to 24 V and the output voltage was 55 V. The feedforward-double feedback control is compared with the voltage feedback control. The result is shown in Figure 17. As can be seen from the experimental results, the actual output voltage of the two control methods is 54 V, the absolute error of the measurement is 1 V, and the relative error is 1.8%. With the feedforward-double feedback controller proposed in this paper, during the load switching process, the current decreases/increases by 0.36 A (after Hall sensor conversion), the increase/decrease of output current can reflect the increase/decrease of inductance current. The voltage fluctuation is almost unchanged. However, the voltage fluctuation of the voltage feedback controller output is 4 V. It can be seen that the proposed feedforward-double feedback controller has better robustness than the single feedback controller.



Setting the input voltage to 20 V and the load resistance to 100 Ω, the switching frequency is 20 kHz, and considering that the output voltage changes from 30 V to 100 V, the power of the system varies from 9 W to 100 W by calculation. We set the duty cycle to vary from 0.2 to 0.8. Therefore, the BOOST circuit can raise the voltage to 85 V because of its boost ratio; the maximum power of the BOOST circuit is 68 W. In this process, the efficiencies of the double-switch boost converter and BOOST converter are tested and compared. The main results are as follows:



As can be seen from Figure 18, with the proposed feedforward-double feedback control, the maximum and minimum efficiencies of the dual-switch boost DC/DC converter are 92.8% and 77.3%, respectively. The BOOST converter has a maximum efficiency of 92.5% and a minimum efficiency of 65.1%. When the output voltage increases, the duty cycle and inductance current increase, which leads to the increase of switching loss and inductance loss and hence the decrease of system efficiency. Compared with the BOOST circuit, the dual-switch boost converter has is advantageous in terms of conversion efficiency.



Setting the input voltage to 20 V and the load resistance to 100 Ω, and considering that the output voltage changes from 30 V to 100 V, the switching frequency changes from 10 kHz to 30 kHz, the efficiency of the system is tested under different situations. The efficiency map in terms of output voltage and switching frequency is shown as Figure 19. As can be seen from the figure, within the scope of the test, when the output voltage is fixed, the system efficiency increases as the switching frequency increases; when the switching frequency is fixed, the system efficiency increases as the output voltage decreases.




6. Conclusions


In order to solve the robustness problem of the DC/DC converter for fuel cell vehicles, based on a dual-switch boost DC/DC converter topology suitable for fuel cell automotive applications, a small-signal mathematical model that can reflect the operating characteristics of the converter is built by the state space averaging method. Under the premise of realizing double feedback control of DC/DC converter output voltage and current, by increasing the equivalent feedforward control link based on the disturbance voltage, the influence of the sudden change in voltage on system disturbance is effectively reduced. When the voltage disturbance and load are abrupt, the proposed feedforward-double feedback control system has strong robustness.
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Figure 1. Dual-switch boost converter topology. 
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Figure 2. Operating mode of a dual-switch boost converter when the MOSFET is in the ON state. 
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Figure 3. Operating mode of a dual-switch boost converter when the MOSFET is in the OFF state. 
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Figure 4. Relationship between the boost ratio of a dual-switch boost converter and duty cycle of MOSFET switch. 
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Figure 5. Working waveform of dual-switch boost converter. 
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Figure 6. Small signal model of a dual-switch boost converter. 
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Figure 7. DC/DC converter voltage-current double closed-loop control system. 
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Figure 8. Control block diagram after adding input voltage disturbance. 
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Figure 9. Dual feedback control flow chart for input voltage compensation. 
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Figure 10. Feedforward-double feedback control flow chart. 
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Figure 11. Dual-switch boost converter simulation model. 
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Figure 12. Details of PI controller and feedback controller modules. 
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Figure 13. Output voltage response when two different control strategies are used to handle input voltage disturbance. (a) Voltage feedback control system; and (b) feedforward-double feedback control system. 
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Figure 14. System output response under different control strategies. (a) Voltage feedback control system output; (b) feedforward-double feedback control system output; and (c) sliding mode control system output. 
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Figure 15. Design power module prototype. 
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Figure 16. Schematic diagram of load disturbance experiment. 
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Figure 17. System output response under different control strategies. (a) Voltage feedback control system output; and (b) feedforward-double feedback control system output. 
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Figure 18. Efficiency comparison of two kinds of converters. 
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Figure 19. The efficiency of the system under different situations. 
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Table 1. Device parameters in the simulation model.
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Name

	
Parameter






	
MOSFET (IFR640N)

	
Breakdown voltage VDSS 200 V




	
Conducted resistance RDS (on) 0.15 Ω




	
Source current IS 18 A




	
Diode (DFE 10 I 600PM)

	
Maximum reverse voltage VRRM 600 V




	
Forward voltage drop VF 1.5 V




	
Conduction internal resistance rF 28.7 mΩ




	
Inductance

	
3.5 mH




	
Capacitance

	
47 μF
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