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Abstract: A modular system of cascaded converters based on model predictive control (MPC) is proposed to meet the application requirements of multiple voltage levels and electrical isolation in renewable energy generation systems. The system consists of a Buck/Boost + CLLLC cascaded converter as a submodule, which is combined in series and parallel on the input and output sides to achieve direct-current (DC) voltage transformation, bidirectional energy flow, and electrical isolation. The CLLLC converter operates in DC transformer mode in the submodule, while the Buck/Boost converter participates in voltage regulation. This article establishes a suitable mathematical model for the proposed system topology, and uses MPC to control the system based on this mathematical model. Module parameters are designed and calculated, and simulation is built in MATLAB/Simulink to complete the simulation comparison experiment between MPC and traditional proportional integral (PI) control. Finally, a physical experimental platform is built to complete the physical comparison experiment. The simulation and physical experimental results prove that the control accuracy and response speed of MPC are better than traditional PI control strategy.
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Nomenclature



	MPC
	Model predictive control



	IPOS
	Input parallel output series system



	ISOP
	Input series output parallel



	FHA
	First harmonic approximation



	DC
	Direct-current



	DAB
	Dual active full bridge converter



	ZVS
	Zero voltage switch



	DCX
	DC transformer characteristics



	ZCS
	Zero current switching





1  Introduction

The increasingly serious global energy crisis has brought new challenges to the power industry of countries around the world. With the development and application of new energy, distributed photovoltaic and wind power generation have received increasing attention and research in recent years [1–3]. To achieve the matching of photovoltaic array and wind turbine output with the voltage level of the DC distribution network, high-power isolated bidirectional DC-DC converters are usually used [4–7].

Due to the pursuit of power density in converters, high-frequency converters often face issues such as switching losses. Therefore, high-frequency switches must achieve soft switching, and DC-DC converters with soft switching characteristics are gradually receiving attention [8–10]. The dual active full bridge (DAB) converter is currently the most widely used converter due to its simple structure and advantages such as soft switching. Reference [11] proposes a voltage matching (VM) control for a hybrid bridge-based DAB converter, which is used for a wide range of voltage conversion gain applications. The proposed VM control can achieve a wide transformation gain, decoupling of two power control variables, and a wide range of zero voltage switching (ZVS). Reference [12] proposes an Input Series Output Parallel (ISOP) DAB DC-DC converter and applies an input-oriented power sharing control method with fast dynamic response to ensure the power sharing capability and fast dynamic performance of the converter. However, there are still some problems with the DAB converter, such as the variation of ZVS range with load changes, the presence of circulating currents inside the converter, and high inductance current stress. In order to solve the problem of ZVS variation of DAB converter with load changes, some scholars have proposed LLC resonant converter. Reference [13] studies the application of LLC resonant converters in input parallel and output parallel systems, and proposed a model for the I-V characteristics of the output port and small signal output impedance of charge-controlled LLC converters. Reference [14] proposes a DAB-LLC-DCX DC-DC converter for load point applications, which features an integrated magnet and a shared rectifier, enabling strict voltage regulation, ZVS operation of all switches, and zero current switching operation of the rectifier. However, due to the asymmetric resonance parameters of the primary and secondary sides of the LLC converter, the bi-directional gain is not uniform, resulting in inconsistent bi-directional operating characteristics of the converter, and the converter may not be able to operate at the optimal operating point. To solve the problem of forward and reverse differences in LLC converters, some scholars have improved the topology of LLC resonant circuits and proposed the CLLLC resonant converter. Reference [15] proposes a hybrid modulation method based on a CLLLC converter, which uses frequency modulation (FM) with an undervoltage gain greater than 1 and phase shift modulation (PSM) with an undervoltage gain less than 1. Simultaneously, the extended descriptive function modeling method was used to establish both large signal and small signal models. Reference [16] proposes a novel soft start control strategy by discussing the factors that affect current and voltage stress during the start-up time and process of CLLLC converters.

In addition, in renewable energy generation systems, switch tubes need to withstand high voltage stress, so higher-rated voltage requirements are required for switch tubes, which increases hardware costs. To solve this problem, many scholars have proposed many methods to reduce the voltage stress of switch tubes [17–19]. High voltage switch series connection technology is to connect a group of switching tubes in series to the high voltage side, equivalent to a switch, so as to reduce the voltage stress of the switching tubes. Reference [20] proposes a novel active gate driver approach with a variable gate voltage regulator (GVR), which uses a single P-channel MOSFET to determine the connection timing of a precharged capacitor connected in series with the input capacitor, allowing for adjustment of the switching transient of each device in the stack. Reference [21] proposes an active voltage balancing method suitable for two series connected devices, which applies a multi winding coupled inductor with low turns to achieve voltage deviation sampling and high-quality signal isolation. The multi-level converter proposed in the 1980s reduced the voltage stress of the switching tube, made it easy to expand, and had high power density. At the same time, due to the three levels of midpoint voltage in each bridge arm, its output voltage harmonics were small. Reference [22] proposes a novel modular multilevel DC-DC converter with high power density potential. The proposed hybrid converter combines the modular advantages of modular multilevel converters (MMC) and the efficient frequency advantages of flying capacitor converters. Reference [23] proposes an exhaustive active set method to implement a modulation MPC scheme, enabling MMC to operate over a wide frequency range. Multiple converters in series and parallel are often used in high-voltage and high-power situations. By combining modules, the voltage and current stress of each module is reduced, while also reducing the stress of each module component. It is also easy to achieve system expansion and maintenance, and the combination of multiple modules also improves system redundancy. Reference [24] proposes an ISOP isolated bidirectional DC converter and based on this topology, proposed a three-loops input voltage sharing (IVS) control strategy. Reference [25] proposes an asymmetric pulse width modulation (PWM) scheme to address the output voltage imbalance and voltage gain issues of input parallel output series (IPOS) converters at D < 0.5. With this scheme, when D < 0.5, the natural output voltage balance and high boost to boost conversion ratio can be extended.

The key to the safe and reliable operation of cascaded converter systems lies in having a good operational control strategy. Many studies have been conducted on the control strategy of cascaded converters [26–28]. Reference [29] proposes a coordinated control scheme for cascaded converters, which only uses a proportional DC link voltage regulator, reducing system types while maintaining accurate DC link voltage tracking. Reference [30] proposes a new control method based on Lyapunov function to eliminate stability issues caused by changes in device parameters in cascaded converters. Reference [31] introduces a MPC for cascaded converters used in solid-state transformers. The proposed method reduces the number of states to be considered in the control, thereby shortening the calculation time and simplifying the expansion of the flying capacitor bridge. The modular system of cascaded converters is a nonlinear system with multiple inputs and multiple outputs, and the variables are coupled with each other. MPC can achieve multi-objective control without linearization, which is a nonlinear optimization control method with the advantages of simple control and strong robustness. It has great advantages in dealing with complex constrained optimization problems in nonlinear systems [32,33].

Based on the above, this article proposes a modular system of cascaded converters applied to renewable energy generation systems. The comparison between the proposed system topology and the existing topology is shown in Table 1. The system consists of a Buck/Boost + CLLLC cascaded converter as a submodule, which is combined in series and parallel on the input and output sides to form a DC transformer system, achieving DC voltage transformation, bidirectional energy flow, and electrical isolation in the data center. In the submodule, the CLLLC converter operates in DC transformer mode, while the Buck/Boost converter participates in voltage regulation. In addition, a MPC strategy based on submodules is proposed to achieve the problem of voltage and current sharing between modules. Compared with traditional PI control strategies, it improves the accuracy and efficiency of system control.
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This article is organized as follows. Section 2 introduces the proposed modular system of cascaded converters and its working principle. Based on the working principle, Section 3 establishes a mathematical model of the system submodules. Section 4 designs and calculates the parameters of the system converter. Section 5 conducts simulation experiments and compares them with PI control simulation experiments to verify the superiority of the proposed control strategy. Section 6 conducts physical experiments and compares them with PI controlled physical experiments to verify the effectiveness of the proposed control strategy. Finally, Section 7 concludes.

2  System Topology and Working Principle

2.1 System Topology and Submodule Topology

The topology structure of the modular system of cascaded converters is shown in Fig. 1, which is composed of several Buck/Boost + CLLLC cascaded converter submodules combined in series and parallel. Among them, the high-voltage side modules are connected in series, and the low-voltage side modules are connected in parallel.
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Figure 1: System structure topology diagram

The topology diagram of the system submodule is shown in Fig. 2. The front stage is the CLLLC converter. In order to achieve higher efficiency of the CLLLC converter, it can operate near the resonant frequency and achieve the DC transformer characteristics (DCX) through reasonable parameter design; The back stage is a Buck/Boost converter that operates in voltage regulation mode and matches the input and output voltage.

[image: images]

Figure 2: Submodule topology diagram

2.2 System Working Principle

The power flow of a cascaded converter from the low voltage side to the high voltage side is defined as forward operation, and vice versa is defined as reverse operation. During forward operation, S1~S4 apply a control drive signal, S5~S8 apply a synchronous rectification control drive signal, S9 applies a control drive signal, S10 always turns off, and its bypass diode works. At this time, the subsequent converter is equivalent to a Boost converter. When running in reverse, S5~S8 apply a control drive signal, S1~S4 apply a synchronous rectification control drive signal, S10 applies a control signal, S9 always turns off, and its bypass diode works.

The main working waveform of the cascaded converter is shown in Fig. 3, with 8 modes stored in one working cycle. Fig. 3a shows the working waveform of the CLLLC converter, and Fig. 3b shows the working waveform of the Buck/Boost converter. The energy flow paths under each mode are shown in Figs. 4 to 7, and the operation process of each mode is analyzed in combination with Fig. 3.
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Figure 3: Working waveform diagram of cascaded converter. (a) Working waveform of CLLLC converter. (b) Working waveform of Buck/Boost converter
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Figure 4: Working mode 1

Working mode 1 (t0~t1): As shown in Fig. 4, initially, S1 and S4 achieve ZVS and S9 is turned on. Due to the sufficiently large excitation inductance Lm, it has a strong blocking effect on the excitation current, and the excitation current iLm and resonance current iLr increase at different speeds. The difference between excitation current and resonant current flows towards the secondary side, and at this time, the secondary side switch is conducting. In addition, the current of inductor L increases linearly at a certain ratio, and inductor L stores energy. At time t1, the resonant current iLr is equal to the excitation current iLm, and mode 1 ends.

Working mode 2 (t1~t2): As shown in Fig. 5, at time t1, iLm = iLr, energy only flows in the primary side, and the current in the secondary diode circuit gradually becomes zero and automatically turns off, achieving zero current switching (ZCS). At this time, S9 turns off. Due to the current holding characteristics of the inductor, the current flowing through inductor L does not immediately become zero, but slowly decreases. In addition, the voltage at both ends of the load is provided by capacitors.

[image: images]

Figure 5: Working mode 2

Working mode 3 (t2~t3): As shown in Fig. 6, S1~S4 turn off from time t2, and S9 continues to maintain the off state. The resonant current starts to charge the parasitic capacitors of S1 and S4 to the input voltage Vin, while the parasitic capacitors of S2 and S3 discharge to zero voltage. The current flowing through inductor L continues to decrease until it reaches zero. When the charging and discharging are completed, this mode ends. In this mode, the rectifier network has no voltage output, and the output voltage is maintained by the capacitor.
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Figure 6: Working mode 3

Working mode 4 (t3~t4): As shown in Fig. 7, parasitic capacitors of S2 and S3 have been discharged at the end of the previous mode, preparing for ZVS of S2 and S3. The resonant current flows through the parasitic diodes of S2 and S3, and the energy flows from the primary side to the secondary side. At t4, the ZVS switch of S2 and S3 is turned on, and the resonant current flows through the switch. S9 is reopened, and the inductor L stores energy. This mode ends.
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Figure 7: Working mode 4

The last four operating modes are in opposite directions to the first four operating modes. Similarly, it can be concluded that the operating mode of the cascaded sub converter is the same as the forward operating mode when operating in reverse, with the only difference being that the rear converter becomes the front converter during forward operation, which functions similarly to a Buck converter.

2.3 System Control Methods

The modular system of cascaded converters proposed in this article is a nonlinear system with multiple inputs and outputs, and the variables are coupled with each other. For its submodules, if traditional PI dual loop control is used, the entire control system uses a total of 4 PI controllers, and the inner loop PI parameters are not the same when power flows in both directions. Therefore, at least 8 PI controller parameters need to be adjusted during normal operation of the system submodules, especially during wide range operation, which is very difficult to achieve and it is difficult to ensure optimal system performance. Given the drawbacks of traditional dual loop control methods, this paper introduces the MPC concept and proposes a MPC method for Buck/Boost + CLLLC cascaded converters. The control block diagram is shown in Fig. 8.
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Figure 8: System control block diagram

From Fig. 8, it can be seen that MPC optimizes parameters based on the dynamic mathematical model of the system, and outputs control variables in real time according to the feedback voltage and current values for control. In addition, MPC has three major features: predictive model, rolling optimization, and feedback correction. It is particularly important to establish a suitable and correct mathematical model. This article will conduct a detailed mathematical model establishment in the next section.

3  System Mathematical Model

This article first establishes independent mathematical models for the Buck/Boost converter and the CLLLC converter, and obtains equivalent circuit models, as shown in Figs. 9 and 10, where n = 1-D, D is the duty cycle of the Buck/Boost converter. Then, by cascading the circuit models at all levels, the equivalent circuit model of the cascaded converter is obtained, as shown in Fig. 11, where V1 = Vm, V2 = K2Vo, C1 = Cs1, C2 = Cs2, R1 = Rs1, R2 = K2Rs2 and K are the TR ratio of the transformer. Based on this circuit model, a mathematical model of the cascaded converter system is established.
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Figure 9: Equivalent circuit diagram of Buck/Boost converter
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Figure 10: Equivalent circuit diagram of CLLLC converter
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Figure 11: Equivalent circuit diagram of Buck/Boost + CLLLC cascaded converter

In the cascaded converter, the DC voltage gain MBB of the Buck/Boost converter and the DC voltage gain MCLLLC of the CLLLC converter have no mutual influence. Therefore, according to the equivalent circuit diagram shown in Fig. 11, the DC voltage gain M of the cascaded converter is:

M=MBB⋅MCLLLC(1)

Similarly, according to the equivalent circuit diagram shown in Fig. 11, the input-output transfer function G of the Buck/Boost + CLLLC cascaded converter is equal to the product of the input-output transfer function Gxu of the Buck/Boost converter and the input-output transfer function H(jωs) of the CLLLC converter:

G=H(jωs)⋅Gxu(2)

Average each mode within one switching cycle to obtain the Buck/Boost converter state space average model:

X˙s=AsXs+BsUs(3)

Among them, As=[−1Cs1Rs10−1Cs10−1Cs2Rs21−DCs21L−1−DL0], Bs=[1Cs1Rs1001Cs2Rs200].

When the static point Xs0=[Vc1Vc2IL]T and X˙s=0, the static operating point of the Buck/Boost converter can be obtained as:

Xs0=[(1−D)2Rs2V1+(1−D)Rs1V2(1−D)2Rs2+Rs1(1−D)Rs2V1+Rs1V2(1−D)2Rs2+Rs1V1−(1−D)V2(1−D)2Rs2+Rs1](4)

Taking input variable Us=V2 and output variable Vo=V1, the steady-state output voltage gain is:

MBB=VoUs=(1−D)2Rs2V1+(1−D)Rs1V2(1−D)Rs2V1+Rs1V2(5)

Introducing low-frequency small signal perturbations d^s and u^s near the static operating point (Xs0,Us,D), ignoring second-order and above small signal perturbations, can obtain the small signal model of the Buck/Boost converter:

x^˙s=[−1Cs1Rs10−1Cs10−1Cs2Rs21−DCs21L−1−DL0]x^s+[1Cs1Rs1001Cs2Rs200]u^s+[0−ILCs2Vc2L]d^s(6)

Among them, x^s=[v^c1v^c2i^L]T, u^s=[v^1v^2]T.

The transfer function between state variables Xs and input variables Us is:

Gxu=x^s(s)u^s(s)=(sI−As)−1Bs=[Rs2LCs2s2+Ls+(1−D)2Rs2P(s)Rs1(1−D)P(s)Rs2(1−D)P(s)Rs1LCs1s2+Ls+Rs1P(s)Rs2Cs2s+1P(s)(Rs1Cs1s+1)(D−1)P(s)](7)

Among them,

P(s)=LCs1Cs2Rs1Rs2s3+L(Cs1Rs1+Cs2Rs2)s2+[L+(Cs2+Cs1)(1−D)2Rs1Rs2]s+Rs1+(1−D)2Rs2.

According to Fig. 10, the input-output transfer function of the CLLLC resonant converter is obtained as follows:

H(jωs)=uCDuAB=Zm//(Z2+Req)Z1+Zm//(+Req)⋅ReqReq+Z2(8)

Among them, {Z1=jωsL1+1jωsC3Z2=jωsL2+1jωsC4Zm=jωsLmωs=2πf.

By defining k=Lm/L1, h=L2/L1, g=C4/C3, ω1=1/L1C3, ω2=1/L2C4, ωn=ωs/ω1, and simplifying with Eq. (8), we can obtain:

H(jωs)=kωsC3Req[(ωsC3−1ωsL1+kωsC3)Req+j(kωs2ω12+khωs2ω12+hωs2ω12−k−kg−h−1g+1gω12ωs2)](9)

When the converter operates at the resonant operating point, the imaginary part of the transfer function is zero. At this time, the expression of the resonant frequency x containing the resonant network can be obtained from Eq. (9) as follows:

(k+h+kh)ωr4−(k+h+kg+1g)ω12ωr2+1gω14=0(10)

Solved,

ωr=b+b2−4ac2aω1(11)

Among them,

{a=k+h+khb=k+h+k/g+1/gc=1/g(12)

By defining the normalized frequency ωn=ωs/ω1, resonant network characteristic impedance Z1=L1/C1, and system quality factor Q=Z1/Req, and substituting them into Eq. (9), the simplified transfer function can be obtained as:

Hr(jωn)=1jQk[(k+h+kh)ωn−(k+h+kg+1g)1ωn+1gωn3]+(1+1k−1kωn2)(13)

Furthermore, the voltage gain of the CLLLC resonant converter can be obtained as:

MCLLLC=1(Qk)2[aωn−bωn+cωn3]2+(1+1k−1kωn2)2(14)

When the switching tube operates at the resonant point, by substituting Eq. (12) into Eq. (14), the gain of the converter in quasi resonant operating state is:

MCLLLC=11+1/g−hk+k/g+hh(15)

Substitute Eqs. (5) and (15) into Eq. (1) to obtain the DC voltage gain M of the Buck/Boost + CLLLC cascaded converter as follows:

M=h(1−D)2Rs2V1+h(1−D)Rs1V2[(1−D)Rs2V1+Rs1V2](1+1/g−hk+k/g+h)(16)

Substitute Eqs. (7) and (13) into Eq. (2) to obtain the input-output transfer function G of the Buck/Boost + CLLLC cascaded converter as follows:

G=Req[Zm//(Z2+Req)][Z1+Zm//(+Req)](Req+Z2)[Rs2LCs2s2+Ls+(1−D)2Rs2P(s)Rs1(1−D)P(s)Rs2(1−D)P(s)Rs1LCs1s2+Ls+Rs1P(s)Rs2Cs2s+1P(s)(Rs1Cs1s+1)(D−1)P(s)](17)

4  Parameter Design

The design specifications of the Buck/Boost + CLLLC cascaded converter proposed in this article are: high voltage V1 of 134 V, low voltage V4 of 48 V, intermediate stage voltage Vm of 72 V, and rated power P of 500 W. Calculate and design parameters according to design requirements.

The relationship between the resonant network gain M of the CLLLC converter and the transformer ratio n is:

M=nVoutVin(18)

Due to the DC transformer characteristics of the CLLLC resonant converter, the resonant network gain of the converter is approximately equal to 1. According to Eq. (18), the transformer ratio is calculated to be 1.5.

In the working mode, it was mentioned that the excitation current in the freewheeling mode will charge and discharge the switch junction capacitor, preparing for the next ZVS. Therefore, the maximum value of excitation inductance can be obtained as:

Lm≤Tstdead8Cs(19)

where tdead is the dead time and Cs is the junction capacitance of the switching transistor.

According to the switch tube model used in the experiment, the maximum excitation inductance can be calculated to be 187 μH. To reduce the volume of the transformer and the impact of stray parameters on the resonant network, the integrated leakage inductance of the transformer is used as the resonant inductance in the resonant network. The size of the leakage inductance affects the design of the transformer. Therefore, the k value is selected as 20 and the excitation inductance Lm is 40 μH. The resonant inductance L1 is 2 μH.

Due to the design of the converter working at the optimal operating point, i.e., the resonant point, the resonant capacitance can be calculated based on the calculated resonant inductance C1 and Eq. (20):

C1=1ωs2L1(20)

The parameters of the transformer primary and secondary resonance network are equivalent, and the secondary resonance parameters can be obtained as:

C2=n2C1(21)

L2=L1/n2(22)

According to Eqs. (23) and (24), the inductance value of the Buck/Boost converter operating in Buck and Boost modes can be obtained as follows:

LBoost=V1DfsΔiL(23)

LBuck=(V2−V1)D′fsΔiL(24)

According to the input and output voltage, the duty cycle can be obtained as:

D=1−V1V2(25)

From Eqs. (23)–(25), LBoost≥0.59mH and LBuck≥0.59mH can be obtained. To meet the requirements, a 0.6 mH inductor is selected.

Assuming that there is no freewheeling process in the Buck/Boost converter and all current flows to the load, it can be concluded that the input capacitance of the converter should meet the following requirements:

{C1=CBuck≥V1D′16×L×fs2×ΔV1C2=CBoost≥V2D4×R×fs×ΔV2(26)

Among them, R represents the equivalent output load of the submodule to the Buck/Boost output load. To meet the requirement of less than 5% voltage fluctuation on the output side, the input capacitance of the converter can be obtained by inputting the parameter, which is 100 μF. The output capacitance is 120 μF.

In summary, the parameter design of the Buck/Boost + CLLLC cascaded converter is shown in Table 2.
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5  Simulation Experiments

Based on the mathematical model established in Section 3 and the obtained control quantity expression, use MATLAB to write an MPC control algorithm program, and build a simulation model in MATLAB/simulink for simulation experiments, and compare it with traditional PI control strategies. Build simulation model of input parallel output series (IPOS) system with three sub modules to simulate the sudden changes in input voltage and output load of the system.

5.1 Simulation Experiment of Input Voltage Changes Suddenly

Fig. 12a,b shows the voltage waveform comparison and current waveform comparison of the system under PI control and MPC control strategies when the input voltage of the system undergoes a sudden change. When the input voltage undergoes a sudden change, under the traditional PI control strategy, it takes 90 ms for the system to stabilize, and there is a significant difference in the output voltage and current values compared to before the change in operating conditions. The voltage value increases by 13 V compared to before, and the current value increases by 0.12 A compared to before. At the moment of the sudden change, the voltage drops by 13 V, and the current drops by 0.12 A; Under the MPC control strategy, after 60 ms of system stability, there was no significant difference in voltage and current values compared to before the change in operating conditions. At the moment of sudden change, the voltage dropped by 11 V and the current dropped by 0.1 A.

[image: images]

Figure 12: Waveform diagram of input voltage changes suddenly in IPOS system. (a) Voltage waveform comparison chart. (b) Current waveform comparison chart

5.2 Simulation Experiment of Output Load Changes Suddenly

Fig. 13a,b respectively shows the voltage waveform comparison and current waveform comparison of the system under PI control and MPC control strategies when the system output load undergoes a sudden change.
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Figure 13: Waveform diagram of output load changes suddenly in IPOS system. (a) Voltage waveform comparison chart. (b) Current waveform comparison chart

When the output load undergoes a sudden change, under the traditional PI control strategy, the system stabilizes after 90 ms, and there is a significant difference in the output voltage and current values compared to before the change in operating conditions. The voltage value increases by 12 V, and the voltage drops by 12 V and current drops by 0.2 A at the moment of the sudden change; Under the MPC control strategy, after 60 ms of system stability, there was no significant difference in voltage and current values compared to before the change in operating conditions. At the moment of sudden change, the voltage dropped by 10 V and the current dropped by 0.14 A.

In summary, under the MPC control strategy, the dynamic performance of the modular system of cascaded converters is superior to traditional PI control, and the control accuracy and stability are significantly improved compared to PI control.

6  Physical Experiments

In order to further validate the proposed converter parameter design and MPC strategy, an experimental platform was built based on the designed parameters. The physical platform of a single submodule is shown in Fig. 14a. Connect the two submodules on the high-voltage and low-voltage sides in series and parallel to form an IPOS system, as shown in Fig. 14b. The input voltage of the system is 48 V, the output voltage is approximately 270 V, and the maximum output current is 1.5 A.
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Figure 14: Experimental platform. (a) Sub module physical platform. (b) Physical experiment platform

6.1 Physical Experiment of Input Voltage Changes Suddenly

Fig. 15a,b shows the waveform of the output voltage of each module and the system output voltage and current when the input voltage suddenly changes between 48–43 V in the IPOS system under PI control strategy. Fig. 16a,b shows the waveform of the output voltage of each module and the system output voltage and current when the input voltage suddenly changes between 48–43 V in the IPOS system under MPC control strategy. From the graph, it can be seen that after a sudden increase or decrease in input voltage, the instantaneous output voltage under both control strategies will slightly increase or decrease. However, under the MPC strategy, the amplitude of the instantaneous output voltage increases or decreases is small, and the time required to restore steady state is short, that is, the dynamic response is fast. In addition, under this operating condition, all modules can evenly share the output voltage.
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Figure 15: Waveform diagram of output voltage of each module and system output voltage and current under PI control. (a) Input voltage suddenly changes to 48 V. (b) Input voltage suddenly changes to 43 V
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Figure 16: Waveform diagram of output voltage of each module and system output voltage and current under MPC control. (a) Input voltage suddenly changes to 48 V. (b) Input voltage suddenly changes to 43 V

6.2 Physical Experiment of Output Load Changes Suddenly

Fig. 17a,b shows the waveform of the output voltage of each module and the system output voltage and current when the output load of the IPOS system suddenly changes between 400 and 100 W under PI control strategy.
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Figure 17: Waveform diagram of output voltage of each module and system output voltage and current under PI control. (a) Output load suddenly changes to 400 W. (b) Output load suddenly changes to 100 W

Fig. 18a,b shows the waveform of the output voltage of each module and the system output voltage and current when the input voltage suddenly changes between 400 and 100 W in the IPOS system under MPC control strategy. From the graph, it can be seen that after a sudden increase or decrease in output load, the output voltage of each module and the system output voltage under both control strategies will have a small overshoot, and can be stable after transient processes. However, under the MPC strategy, the instantaneous output voltage rise or fall is small, and the dynamic response is fast. In addition, under this operating condition, all modules can evenly share the output voltage.
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Figure 18: Waveform diagram of output voltage of each module and system output voltage and current under MPC control. (a) Output load suddenly changes to 400 W. (b) Output load suddenly changes to 100 W

7  Conclusions

This article uses a Buck/Boost + CLLLC cascaded converter as a submodule. It forms the modular system of cascaded converters studied in this paper by connecting the high-voltage side in series and the low-voltage side in parallel. An analysis was conducted on the working principle of the proposed system, a suitable and correct mathematical model was established, module parameters were designed, and simulation models of the IPOS system and ISOP system under the PI control strategy and MPC control strategy were built. Simulation comparative experiments were completed, and finally, the differences between the two control strategies were analyzed and compared through physical comparative experiments. The main conclusion is:

(1)   A modular system of cascaded converters topology applied to renewable energy generation systems was proposed, and its working principle was analyzed. Based on the working principle, the equivalent circuit of the Buck/Boost + CLLLC cascaded converter was obtained, and a correct mathematical model was established to prepare for the implementation of the MPC strategy. Suitable module parameters were designed.

(2)   Build a simulation model and conduct comparative experiments between MPC control strategy and traditional PI control strategy. The results show that MPC has a faster dynamic response and better control accuracy than PI. The superiority of MPC has been preliminarily verified through simulation experiments.

(3)   Build a hardware experimental platform and conduct comparative experiments on the multi-operating conditions of IPOS and ISOP systems under two control strategies to verify the feasibility and effectiveness of the proposed MPC strategy, which can achieve stable operation of the system.
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Table 1: Comparison of several typical topologies

Topological Structural Parameter design ~ Occupy space Applicable
structures complexity occasions
Non-isolated MMC  Complex Complex Small Medium and low
voltage applications
Isolated MMC Complex Complex Large Medium and high
voltage applications
Modular system of Simple Simple Small Medium and high

cascaded converters

voltage applications
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Table 2: Parameters of CLLLC + Buck/Boost cascaded converter

Transformer name Parameter Value

Buck/Boost High voltage side voltage V, 134V
Low voltage side voltage V', 72V
Rated power P, 500 W
Switching frequency £ 20 kHz
Energy storage inductance L/mH 0.6
Duty cycle D 0.46
Input capacitance C,/uF 100
Output capacitance C,/uF 120
Inductor current ripple Aip <20%
Output voltage ripple AV <5%

CLLLC High voltage V; 72V
Low voltage V, 48 V
Rated power P, 500 W
Switching frequency f, 100 kHz
Resonant inductance L,, L,/uH 2,0.89
Resonant capacitor C;, C,/nF 1.26, 2.84
Magnetic inductance L, /uH 40

Transformer ratio n

1.5
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