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Affected by the abrupt changes of load and unregulated first-stage rectifiers, it is difficult for the output voltage of the isolated DC-DC converter with traditional proportional-integral (PI) control to meet the needs of industrial applications such as automotive electrophoretic painting. A voltage response improving the method based on a radial basis function neural network (RBFNN) is proposed in this study for the output voltage mutation of DC converter caused by load mutation. By detecting the output voltage deviation and load current value, the RBF model gives the compensation amount of the duty ratio to enhance the PI controller to speed up the voltage regulation and improve voltage response. For the six-pulse voltage ripple introduced by the unregulated rectifier in the previous stage, a delay link is adopted, where the compensation amount of the duty ratio and its delay time are reasonably designed to reduce the ripple value. The experimental test platform is built, and the proposed method is verified. The results show that the proposed method can effectively improve the output voltage response and ripple as well as improve the output voltage quality of the DC converter, which is of certain engineering application value.
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1 INTRODUCTION
Due to its advantages of electrical isolation and high power density, the phase-shifted full-bridge topology in isolated DC-DC converter is often used in high-power industrial applications, such as electrophoretic painting, crystal, and magnetic field heating (Brunoro and Vieira, 1999; Matsumori et al., 2019). However, under the traditional control strategies such as PI control, its output voltage is usually difficult to meet the requirements of industrial applications for dynamic and steady-state response (Wu et al., 2016; Goyal and Shukla, 2021), such as uneven electrophoretic painting (Lo et al., 2011).
The isolated DC-DC converter is a typical nonlinear system; the traditional PID control method has slow dynamic response speed and cannot deal with the voltage sag or swell caused by the load sudden change, especially for voltage-sensitive DC load. In recent years, a large number of scholars are committed to studying new control methods of the isolated DC-DC converters to obtain good dynamic output characteristics. A PWM full-order sliding mode control strategy for the phase-shifted full-bridge converter is proposed in the study by Xiao et al. (2017), which makes the system have a preferable steady and dynamic performance to the traditional PID control. In the study by Gao et al. (2018), a fuzzy sliding mode variable structure controller of high-frequency switching power supply is designed, which has better performance than the general sliding mode variable structure controller. The above sliding mode controls have high stability and strong robustness, but their switching frequency is unstable. The loss and electromagnetic interference greatly reduce their engineering value. A fuzzy adaptive PID control for a phase-shifted full-bridge converter is proposed in the study by Török and Munk-Nielsen (2011); Saleh et al. (2020). The real-time modification of controller parameters is obtained from the fuzzy control rules to make up for the deficiency of traditional PI controllers when applied to the time-varying nonlinear systems. Although the adaptive control can change the control parameters according to different working conditions, it needs a complex analog circuit or digital controller. In contrast, the design of a fuzzy controller is simple, but its universality is worse. Liu et al. (2021) used the back propagation (BP) neural network to change the parameters of the PID controller, which reduces the output overshoot and residual error of switching power supply. However, BP itself has a slow convergence speed and is easy to fall into a local minimum, which makes it not suitable for industrial application. Therefore, it is of great significance and value to study a control method with good dynamic response and industrial application value for converters. A radial basis function neural network is an artificial neural network that uses radial basis functions as activation functions. The output of the network is a linear combination of radial basis functions of the inputs and neuron parameters. The radial basis function networks can be used in many fields, including function approximation, time series prediction, classification, and system control.
When the AC power grid supplies power to the DC load, the DC output voltage of the isolated DC-DC converter has periodic six-pulse components due to the influence of the pre-stage uncontrolled rectifier circuit. The traditional PI controller adjusts repeatedly in the pulsation cycle, resulting in reciprocating oscillation of the output converter duty ratio. The pulsation suppression effect is inferior. Abeywardana et al. (2016) and Shan et al. (2018) suppressed the second harmonic current of the two-stage single-phase inverter by introducing a load current feedforward and feedback, respectively. Mallik and Khaligh (2017) suppressed the ripple voltage of the dual active bridge DC-DC converter by using feedback linearization and output disturbance feedforward phase-shifted control. Although the external capacitance and inductance can suppress the pulsation, changing the control strategy of the converter is better in the economy of industrial applications. It has considerable economy and engineering application value to reduce the steady-state ripple of the output voltage of the isolated DC-DC converter from the control strategy of the converter to improve the power quality.
Considering the influence of sudden load change and pre-stage uncontrolled rectifier circuit, a control method to improve the voltage response and ripple of the converter is proposed in this study. The main contributions of the study can be summarized as follows:
(1) A voltage response improvement method based on a radial basis function neural network (RBFNN) is proposed. The RBFNN model is used to compensate the duty ratio of the converter according to the detected output voltage deviation and load current value, which helps the PI controller to speed up the voltage regulation and improve voltage response.
(2) Aiming at the six-pulse voltage ripple introduced by the unregulated rectifier in the previous stage, a delay-free voltage ripple suppression method is proposed. The compensation amount and delay time of the duty ratio are reasonably designed to weaken the ripple.
(3) The performance of the proposed control is fully validated with an actual experimental prototype. And it is effective for the improvement of the output DC voltage response and ripple. The proposed methods have excellent engineering practicality, which can be applied in practice.
This study is organized as follows. The system topology and operation principle of the DC-DC converter are briefly introduced first. The proposed voltage response improvement method based on RBFNN is analyzed in detail. Then the voltage ripple suppression method is presented in the fourth section. Finally, an experimental platform is built to verify the proposed control strategy.
2 SYSTEM TOPOLOGY AND OPERATION PRINCIPLE
The system topology studied in this study is shown in Figure 1. The three-phase AC power supply first passes through the three-phase bridge uncontrolled rectifier bridge. Then the LC filter filters and stabilizes the voltage. Finally, power is provided to the load through the DC-DC high-power switching converter and filter device. Because the main research object of this study is the full bridge converter, the voltage output through L1 and C1 is replaced by the six-pulse DC voltage source ui, which is also the input voltage of the DC-DC switching converter. In the full-bridge circuit, Llk is the leakage inductance. By controlling the disconnection of four switches S1∼S4 in the full-bridge inverter circuit, the AC square wave voltage is obtained at the primary side of transformer T1. After voltage transformation, it is connected to the full-bridge rectifier circuits D5∼D8. The output voltage u0 is used to supply power to the load through filter inductance L2 and voltage stabilizing capacitor C2. The transformer transformation ratio is 1: n.
[image: Figure 1]FIGURE 1 | Topology structure of the system.
The DC-DC high-power switching converter adopts the phase-shifted PWM control. The two switches of the same bridge arm are complementary. The staggered angle when the diagonal switches between the two bridge arms are conducted is named as the phase-shifted angle. It determines the on-duty ratio of the switches. Figure 2 shows a waveform diagram of the working principle of the phase-shifted full-bridge converter ignoring the dead time (Shah and Bhattacharya, 2019); t0∼t8 is one cycle of the switch tube.
[image: Figure 2]FIGURE 2 | Waveform diagram of the working principle of phase-shifted full-bridge converter.
In this figure, up is the primary side voltage and its duty ratio is D. us is the secondary side voltage. Since the resonance inductance and the junction capacitance of the switch tube form series resonance in t1∼t3 and t5∼t7, the transformer is in the short circuit state. It results in the loss of the secondary side voltage duty ratio, the shaded part in the figure, which is set as Dloss; then the effective duty ratio Deff of the secondary side of the transformer is
[image: image]
Since the full-bridge circuit generally works in the deep continuous state, Deff can be simplified as
[image: image]
where fs is the switching frequency of the converter and IL2 is the filtering inductance’s current.
In this study, the isolated DC-DC converter adopts constant voltage control. First, the reference value of the output voltage of the converter Uoref forms a voltage deviation signal with sampling value uo. Then the duty ratio of the primary side of the transformer is obtained by the PI controller. Due to the loss of the duty ratio of the secondary side voltage of Eq. 2, the duty ratio of the secondary side is finally obtained by Eq. 1. The transmission power of the converter is adjusted by changing the duty ratio, as shown in Figure 5.
3 VOLTAGE RESPONSE IMPROVEMENT METHOD BASED ON THE RBFNN
The phase-shifted full-bridge DC-DC converter adopts a constant voltage control. Because of the nonlinearity and complexity of the converter, a single PI regulation control cannot meet the requirements of regulating speed and other control performance in industrial applications such as automotive electrophoretic painting. Radial basis function neural networks are a commonly used type of artificial neural network for function approximation problems. Radial basis function neural networks are distinguished from other neural networks owing to their universal approximation and faster learning speed. An RBFNN is a type of feedforward neural network composed of three layers, namely, the input layer, the hidden layer, and the output layer. Each of these layers has different tasks. Therefore, the model based on the RBFNN is adopted in this section. According to the detected output voltage deviation and load current value, the compensation amount of the converter duty ratio is directly given. It helps the PI controller to speed up the voltage regulation, reduce the voltage sag or rise amplitude, and finally realize the stability of output voltage.
The RBFNN model can approach any nonlinear mapping by learning without understanding the specific relationship between input and output variables. The model can summarize the mapping law among output voltage, load current, and their change rate from the experimental data. It also has the generalization ability for nonlinear complex problems (Seshagiri and Khalil 2000; Weatherspoon et al., 2007; Fei and Lu, 2018; Liu et al., 2020).
The operation of the model applied to the switching converter is divided into two stages. In the early learning stage, the structural parameters such as the weight matrix of the RBF neural network are trained by MATLAB software and a large number of data samples (Vlatkovic et al., 1992; Wu et al., 2021; Zhang et al., 2017). The structural parameters are searched by the look-up table method, and the compensation amount of the duty ratio is calculated during the experiment. The experimental model has few nodes, so the amount of data stored is small. A large number of data calculation and processing links are set in the early learning stage, which ensures the rapidity of the online stage (Dong et al., 2021; Rojas-Dueñas et al., 2021; Rubio-Solis and Panoutsos, 2015). The aforementioned method not only avoids the repeated adjustment of PI control parameters in the experiment but also alleviates the mutation degree of output voltage when the load changes and shortens the recovery time of system voltage. The overall model design process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flowchart of the model design.
3.1 Sample Selection and Pretreatment
The model of the RBFNN is based on the sample data. Data integrity is an important step in the data training process. It is of great importance for safe and efficient operation in the proposed control method. If there is inappropriate information present or noisy and unreliable data, then knowledge discovery becomes very difficult during the training process. Data preparation and filtering steps can take a considerable amount of processing time, but once training is done, the data become more reliable and robust results are achieved (Hu et al., 2020; Hu et al., 2021). The sample data were obtained by the experimental test in this study. The operation data under various typical conditions were obtained by the pretest. The neural network model has good generalization ability for interpolated sample points in the sample set, whereas it has poor generalization ability for extended sample points. Therefore, to make the sample data basically cover the whole range of practical applications, the selection of sample points should be typical and representative. Multiple groups of measured data can be collected, most of which are used for training networks and a few of which are used for inspection. Each group of data is composed of input and output, respectively. In this study, it is the load current value, voltage deviation, and corresponding duty ratio. All kinds of data set their corresponding variation range according to the actual system.
Eq. 3 is used to preprocess all kinds of sample data. Normalization can accelerate the convergence of network training.
[image: image]
3.2 Neural Network Training Process
The RBFNN is a feedforward neural network which uses the weighted sum of basic functions to approximate unknown functions. The RBFNN has a three-layer network structure: input layer, hidden layer, and output layer, as shown in Figure 4. There are two neurons in the input layer, which are the steady-state deviation of load current and voltage, respectively. There is one neuron in the output layer, which is the duty ratio compensation. The number of neurons in the middle hidden layer is set as m, and the basis function of the hidden layer adopts the Gaussian function.
[image: Figure 4]FIGURE 4 | RBFNN structure.
The input of the input layer is X = [x1,x2], and the output is y. The radial basis vector of the hidden layer of the RBF network is F = [f1,f2,…,fi,…,fm]T, and the action function fi of the i-th neuron in the hidden layer is expressed as
[image: image]
where Ci is the center of the i-th basis function, which has the same dimension as X; σi is the width of the i-th basis function.
The input layer realizes the nonlinear mapping from xi to fi, the output layer realizes the linear mapping from fi to y. The output y is expressed as
[image: image]
where ωi is the connection weight between the i-th neuron of the hidden layer and the output y.
In the early learning stage, the data samples are imported into MATLAB software. The toolbox completes the training process of the RBFNN, and outputs the structural parameters of the RBF model, including the center value C = [c1,c2,…,ci,…,cm] of each basis function, the width of each basis function σ = [σ1,σ2,…,σi,…,σm], and the connection weight between the hidden layer and the output layer ω = [ω1, ω2,…,ωi,…,ωm].
The RBFNN model and its structural parameters are deployed in the DSP controller of the experimental system. The steady-state deviation between the sampled load current and voltage is directly calculated by the RBF model to obtain the compensation amount of duty ratio Δd1. The initial duty ratio value d0 and the duty ratio compensation amount Δd1 are transmitted to the duty ratio calculation module to obtain the updated switch duty ratio d, which directly controls the isolated DC-DC converter in the main circuit. Then, the PI controller in the control loop continues to regulate the output voltage until the voltage reference value is less than the set minimum error value. Finally, the output voltage is controlled to be stable. The RBFNN model is used to help the PI controller to speed up the voltage regulation and improve voltage response.
3.3 Mathematical Modeling and Stability Analysis
When the PI control is adopted in the DC converter, the circuit equation of the voltage loop can be expressed as
[image: image]
where Uref is the voltage reference value, and kp and ki are the proportional and integral coefficients, respectively.
The transfer function of the converter from the duty cycle to the output voltage is expressed as
[image: image]
The transfer function of the converter from input voltage to the output voltage is expressed as
[image: image]
In addition, since the input layer neurons controlled by the RBFNN are the steady-state deviation between load current and voltage, respectively, and the output is the duty cycle compensation, the transfer function can be expressed as
[image: image]
where kRBF is the simplification coefficient of RBFNN, and R1 is the load resistance.
Then the control model diagram can be shown in Figure 5.
[image: Figure 5]FIGURE 5 | Control model diagram with the proposed RBFNN strategy.
The loop gain T from the output voltage to the reference voltage can be obtained from Figure 8, which is expressed as
[image: image]
The Bode diagram of the loop gain function of the converter under voltage control is drawn, as shown in Figure 6, where ωc1 and ωc2 are the cutoff frequency in the two control methods, γ1 and γ2 are the corresponding phase angle at the cutoff frequency. The closed-loop stability of the system with and without compensation is indirectly analyzed by analyzing the amplitude-frequency characteristics and phase-frequency characteristics of loop gain function GT. It can be seen that the amplitude margin with and without compensation is 54 dB, while the phase angle margin increases from 34.2° to 43.2° with compensation. The stability margin of the system has been improved to a certain extent and has good anti-interference ability. The shear frequency of the system with compensation is added at the same time ωc from 4.77 to 5.8 kHz, and the response speed of the closed-loop system is improved.
[image: Figure 6]FIGURE 6 | Bode diagram of the DC converter closed loop gain.
4 VOLTAGE RIPPLE SUPPRESSION METHOD
When the AC power grid supplies power to the DC load, the DC bus voltage output by the uncontrolled rectifier circuit has six-pulse components. The output voltage of the DC converter also has six-pulse components. The ripple of the output voltage can be reduced by adding capacitors and inductors. Considering the influence of the cost, this study presents a method to eliminate the ripple from the control. The calculation shows that the variation period of the pulsation component is Tm = 3.3 ms. The DC converter adopts single loop constant voltage control. Although the PI controller can adjust about 49 times in a 3.3 ms change cycle to suppress the pulsation, the duty ratio calculated from the previous sampling cycle is not applicable to the next sampling cycle. As a result, the PI controller adjusts repeatedly in the pulsation cycle, and the suppression effect of pulsation is very little.
Since the ripple component of the load voltage is a periodic voltage ripple, a delay-free voltage ripple suppression method is proposed in this study. In addition to calculating the required duty ratio compensation amount in each sampling time in the last pulsation cycle, this strategy controls the delay time to make the duty ratio compensation amount act on the corresponding sampling time in the next pulsation cycle, so as to better suppress the voltage ripple.
Delay compensation Δτ is the difference between pulsation period Tm and delay time τ, which is shown in Eq. 11. The duty ratio compensation obtained from the previous pulsation cycle directly acts on the next pulsation cycle. The delay time τ consists of three parts, which are the delay time τ1 caused by the sampling, the time τ2 used by the controller, and the hardware delay time τ3.
[image: image]
In the steady state, the compensation amount of voltage ripple needs to be determined according to the actual output voltage u0 of DC converter Δd2. The greater the load, the higher the pulsation component of the voltage. Thus, the compensation amount for voltage ripple improvement Δd2 shall be inverse to the output voltage ripple of the converter, which is a function of load, output voltage, and duty ratio. The specific function is as follows:
[image: image]
where d0 is the steady-state value of the duty ratio output by the controller, UB is the selected ripple compensation reference value, and dN is the duty ratio of the DC converter corresponding to the rated load. The value range of Δd2/kb is −0.01∼0.01. Item (1-u0/UB)| 1-u0/UB | mainly reflects the direct improvement of voltage ripple. Item (dN/d0)2 is introduced to reduce the influence of the nonlinear relationship between the duty ratio and load change on the compensation effect. kb is the compensation coefficient, which is generally 1. It can be increased or decreased according to the actual improvement effect in different application scenarios. Figure 7 is a control block diagram of the proposed strategy. The improvement strategy is proposed for the steady-state condition. To prevent the compensation caused by the sudden voltage change under the transient conditions from being too large or too small, amplitude limiting is carried out in the control. The limiting condition is (Δd2/kb)∈[−0.01, 0.01].
[image: Figure 7]FIGURE 7 | Control block diagram of voltage ripple suppression.
According to Eq. 11, the total delay time τ measured by the experiment is three sampling times, that is, τ = 0.199 ms, and the delay compensation Δτ = 3.067 ms. UB is selected to be 200 V.
Figure 8 is a schematic diagram of the improvement effect of voltage ripple in a ripple period of 3.3 ms. Since the PI controller has been calculated and adjusted 49 times in this cycle, the figure also has 49 adjustment points accordingly.
[image: Figure 8]FIGURE 8 | Schematic diagram of the suppression effect of the voltage ripple.
In conclusion, in the proposed delay-free voltage ripple suppression method, the design of duty ratio compensation and delay time to suppress the pulsation component can effectively weaken the pulsation component and improve the output voltage quality of the DC converter.
5 EXPERIMENTAL VERIFICATION
5.1 Overview of the Experimental Platform
To verify the effectiveness and superiority of the proposed control method, an experimental platform is built as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Experimental system diagram.
The system is composed of the main circuit, DSP controller, host computer, and wave recorder. The topology of the experimental circuit is shown in Figure 1. The control methods proposed in this study are deployed in the DSP controller (TMS320F28335), and the experimental waveform is measured by wave recorder DL850. The control parameters and experimental circuit device parameters of the experimental system are listed in Table 1.
TABLE 1 | Control parameters and device parameters of the experimental system.
[image: Table 1]5.2 Experimental Verification and Analysis
Figure 10 shows the experimental waveform under sudden load, with a total of 10s of data recorded. uabc and iabc are the input voltage and current of a three-phase bridge uncontrolled rectifier, respectively. ui is the output voltage of a three-phase uncontrolled rectifier. uo and io are the output voltage and output current of the isolated DC-DC converter, that is, load voltage and current, respectively. Figure 10 shows the experimental waveforms of the complete duration and partial amplification of the system in the case of sudden load changes, and the enlarged part has been outlined in dotted circles in the figure. In the initial time, ui is 537 V, the voltage uo at both ends of the load is 200 V, the resistance R1 is 10 kΩ, and the system is in a no-load state. In about 4.8 s, the resistance R1 decreases from 10 kΩ to 8 Ω, that is, the system enters the load state from no-load. The following information can be concluded from the experimental waveforms in Figure 10. At the moment of load increase, there is a peak in the output current due to the decrease of R1. The output current increases from 0.05 to 25 A. The output voltage has a serious voltage sag, the sag amplitude reaches 80% to 160 V, and the sag lasts for more than 1s. These effects are caused by the slow PI regulation speed. The system has no time to respond. After the load increases and enters the steady state, due to the limited voltage stabilizing effect of the capacitor, the fluctuation amplitude of the voltage ui of the DC bus increases, and the peak value of the ripple reaches 100 V. Finally, voltage u0 at both terminals of the load also has a large six-pulse fluctuation component and the ripple amplitude is around 42 V.
[image: Figure 10]FIGURE 10 | Experimental waveforms of the system under the load mutation.
In this study, the voltage response improvement method based on RBF is adopted, and the process is as follows. In the early learning stage, 420 groups of measured data are collected by the experimental test. All the operation conditions are taken into account when collecting the data. 400 groups of sample data are used for training the network and 20 groups of measured data are used as test samples. Each group is composed of the load current value, voltage deviation, and corresponding duty ratio. To save the computing time in the actual controller using the RBFNN method, the obtained data are processed offline in Matlab and applied to the actual controller by using a lookup table. The control requirements can be met in this way. The output voltage is maintained at 200 V, the range of voltage deviation is −160 V∼+160 V, the variation range of the load current value is 0∼25 A, and the variation range of the duty ratio is 0∼1. The larger the selection range of data samples, the better the adaptability and effect of the model for other load jump situations. After consulting a large number of literature and repeated experiments, it is finally determined that the number of neurons in RBF hidden layer m is 20. Figure 11 shows the fitting relationship between input and output in the network after training by MATLAB and a large number of data samples. The trained network is tested with 20 groups of data, and the average relative error between the output value and the actual value is 0.61%. It can be seen that the trained RBFNN model has a small error and excellent performance. The weight matrix and other structural parameters of the derived RBFNN are shown in Table A1.
[image: Figure 11]FIGURE 11 | Actual duty ratio of the training samples and the fit duty ratio of the test samples.
After the completion of the preliminary learning stage, the structural parameters such as the weight matrix of RBFNN have been uploaded to the DSP controller. Figure 12 shows the experimental waveform when the RBF-based voltage response improvement control strategy is adopted. The working condition is the same as Figure 10. The following information can be concluded from the experimental waveform in the figure. At the moment of the sudden increase of load, the output voltage suddenly decreases from 80% to 15%, and the duration of sag is only 1∼2 ms. This is mainly because the RBFNN directly and quickly supplies the duty ratio compensation of the switching converter, which greatly shortens the time required by the PI controller to adjust the output voltage. It is verified that the control strategy can effectively improve the voltage mutation problem in the case of load mutation. However, the large voltage ripple at both ends of the load has not been improved.
[image: Figure 12]FIGURE 12 | Experimental waveforms for the proposed RBFNN control strategy.
To further eliminate the ripple of load voltage, the delay-free voltage ripple suppression method is added for the experiment. The working condition is the same as that described earlier, and the experimental waveform is shown in Figure 13. After the sudden increase of load, the ripple of the output voltage is reduced from 42 to 9 V. The ripple amplitude is reduced by 75%. The delay time in the control strategy is properly controlled, so the duty ratio can be adjusted according to the change of bus voltage, which effectively reduces the ripple of output voltage.
[image: Figure 13]FIGURE 13 | Experimental waveforms for the proposed control strategy.
In conclusion, the voltage response improvement method based on RBF can effectively solve the problem of voltage mutation when the load changes suddenly. The addition of the delay-free voltage ripple suppression method eliminates the ripple of load voltage. The combination of transient voltage response improvement strategy and steady-state voltage ripple improvement strategy suppresses the fluctuation of output voltage and greatly improves the voltage quality of load.
6 CONCLUSION
In order to improve the output voltage quality of isolated DC-DC converter, a voltage response improvement method based on RBF and a delay-free voltage ripple suppression method are proposed in this study. The influence of the voltage response improvement strategy on the system stability is analyzed. The effectiveness of the proposed control strategy is verified by experiments. The conclusions are as follows:
(1) The RBF model proposed in this study can improve the PI controller to speed up the voltage regulation and improve the voltage response. It is an effective control method.
(2) The designed delay-free voltage ripple suppression method can effectively reduce the ripple component of the DC output voltage of the isolated DC-DC converter caused by a pre-stage uncontrolled rectifier circuit. It can also reduce the economic cost caused by the external capacitance and inductance. The proposed control strategy has a reference significant for the control of converters with pulsating source characteristics at the source end.
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TABLE A1 | Neural network structure parameter.
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