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Modeling and Control of a Two-Switch Asymmetrical Half-Bridge Boost Power Factor Corrector for Single-Phase Rectifiers

In this paper, a single-phase Power Factor Corrector (PFC) based on a two-switch asymmetric half-bridge Boost converter is analyzed. This topology improves the source current shaping by avoiding the control detuning phenomenon from which suffers the conventional single-switch boost PFC, especially at very low input voltage. Pulse-Width-Modulated (PWM) multi-loops control schemes are proposed and developed in order to ensure a unity power factor at the AC-source side and a regulated voltage at the DC-load side. The first one uses the simple and robust hysteretic-based controller; the second one employs a conventional PI regulator, whereas the third one is based on the model nonlinearity compensation approach. The design of the last two control methods is based on the state-space averaged model of the converter. The performance of the different control strategies is evaluated through simulations carried out on a numerical version of the converter. The implemented model of the converter is obtained by using the switching function technique. The control system is tested under both rated and disturbed operating conditions. The system performance is evaluated in terms of source current Total Harmonic Distortion (THD), input power factor and DC voltage regulation.

I. INTRODUCTION

High power quality is increasingly required for the power supply systems in order to comply with the international standards [START_REF]IEEE Recommended Practices and Requirements for Harmonics Control in Electric Power Systems, IEEE Std[END_REF][START_REF]Limits for Harmonic Current Emissions[END_REF]. For this purpose, and especially for singlephase low power applications, switch-mode DC-DC converters, commonly known as Power Factor Correction (PFC) circuits, are designed in order to ensure a high power factor at the mains side, and to emulate a purely resistive operation of the diode-bridge-based front-end rectifier [START_REF] Singh | A review of single-phase improved power quality AC-DC converters[END_REF].

The Boost-type PFCs are the most widely used topologies in single-phase high-power-factor rectifiers. This is mainly due to the reduced number of high-frequency switches and the smooth behavior of the rectifier input current. The basic Boost converter is the most popular in such applications; however, its main drawback remains the control detuning phenomenon that it presents at the zero-crossings of the source voltage, which increases the source current distortion and limits the performance of this type of PFC (see Fig. 1). To overcome this major problem, a dual-boost structure consisting of a two-switch asymmetric half-bridge converter is considered in this paper.

On the other hand, reliable numerical models for power converters are increasingly required for both academic and industrial purposes. The aim is to elaborate highly precise mathematical representations of widely used converters. The usefulness of such virtual models could be emphasized in several aspects. More specifically, they allow, first, a systematic design of well-tuned control systems that improve the time response of the converter, second, a pre-evaluation of the operating regime, as well as the analysis of the static and dynamic performance of the converter, third, a better selection of the system parameters and components, fourth, fast simulations, which makes these models suitable for realtime applications such that the Hardware-In-the-Loop (HIL) technique widely used the industry to test hardware controllers before being integrated into the real plants, and fifth, the avoidance of the elaboration of a real laboratory prototype, which can be costly and consuming in terms of time and effort. Several modeling techniques for switch-mode converters exit in the literature; however, the state-space averaging method appears as the simplest one and the most adapted to the control design process.

In this paper, a two-switch asymmetric half-bridge Boosttype PFC is adopted for improving the power factor at the input side of a single-phase diode rectifier. The topology of the converter is presented in Fig. 2. The pair of synchronized switches Q 1 and Q 2 is controlled in order to achieve perfect current tracking at the AC-source and voltage regulation across the DC-load. In this perspective, three PWM control strategies for the two-switch asymmetric half-bridge Boosttype PFC are proposed and compared. The first control scheme employs a simple hysteretic-based current controller, whereas the two other carrier-based ones use respectively a conventional PI current regulator and a model nonlinearity compensating controller. These two last control schemes are designed on the basis of a state-space averaged model of the converter [START_REF] Middlebrook | A general unified approach to modeling switching-converter power stages[END_REF]. The performance of the proposed control schemes is then analyzed through numerical simulations on Matlab/Simulink, and a comparative evaluation is presented in terms of source current Total Harmonic Distortion (THD), input power factor, DC-voltage regulation following start-up. 
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II. CCM/CVM OPERATION AND AVERAGE MODELING OF THE CONVERTER

The operating sequences of the converter in the most common case of a Continuous Current Mode (CCM) in the input inductor L and a Continuous Voltage Mode (CVM) in the output capacitor C 0 , are illustrated in Fig. 3. The circuit has two configurations, depending on the state of the main switches Q 1 and Q 2 . The waveforms of the system's variables over a switching cycle are illustrated in Fig. 4, where s Q represents the gate signal common to Q 1 and Q 2 . To ensure periodicity, the output voltage should be set to a value always higher than the input voltage. It is worthy to note, at this stage, that at the zero crossings of the input voltage, the input current slopes at the switch on or off of Q 1 and Q 2 are nonzero, and therefore the detuning problem from which suffers the conventional Boost PFC is avoided in this case. This is considered as the main benefit of the proposed topology compared to the conventionally used one.

Moreover, the switching frequency of switches Q 1 and Q 2 is either time-varying (if a hysteretic flip-flop controller is used for the line current shaping) or fixed (if a saw-toothcarrier-based pulse-width modulator is used along with a continuous current controller). However, it will be assumed in both cases, especially as far as the calculation of the reactive components L and C 0 is concerned, that the lowest switching frequency is far beyond the bandwidth of the current and voltage loops. Consequently, a simplified averaged model of the converter may be adopted in order to analyze the lowfrequency operation of the converter in the steady-state regime and to choose, thus, the required reactive components.

In average mode, the state representation of the converter in the CCM/CVM case is expressed as follows:

out in out out in in i i d dt dv C v d v dt di L 2 1 2 1 0 (1)
where d(t) denotes the common duty cycle of switches Q 1 and Q 2 . 
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III.SMALL-SIGNAL AVERAGED MODEL AND TRANSFER FUNCTIONS

For the design of linear control system based on PI regulators, a small-signal model of the converter is required. This is obtained by linearizing system (1) around the static operating point defined by:
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Note that in a static operation, the duty cycle is always limited between 0 and 0.5; whereas in a dynamic regime, it can vary theoretically between 0 and 1.

The linearization process yields:
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with:
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where R 0 = v out /i out designates the DC load. In (3), A defines the state matrix, B the input matrix and P the disturbance matrix. In addition, for any state variable z {i in , v out }, z denotes its assumed small-variation around its static value Z * , i.e., * Z z z . The frequency-domain representation of the converter is obtained by applying the Laplace transform to the state equations [START_REF] Singh | A review of single-phase improved power quality AC-DC converters[END_REF]. It yields:
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where I 2 denotes the 2-by-2 identity matrix, s the Laplace operator, X(s) = [I in (s) , V out (s)] T , D(s) and V in (s) the Laplace transforms of the state-vector [ i in , v out ] T , the control input d and the disturbance input v in respectively. The development of expression (4) leads to the following input-output transfer functions: 
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It is on the basis of these transfer functions that the linear control scheme, which ensures unity power factor at the source, as well as voltage stabilization at the DC bus, will be designed.

Similarly, the disturbance transfer functions can also be derived from (4), and are obtained as follows:
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where: 
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IV.CONTROL SYSTEM DESIGN

The control circuit is depicted in Fig. 5.a. It consists of two successive loops: the inner or current one is designed to ensure the wave-shaping of the DC input current i in and, consequently, the improvement of the input power factor, while the outer or voltage loop is aimed to regulate the DC load voltage v out and to stabilize it around a desired set-point.

The inner controller would be either a hysteretic flip-flop, a carrier-based linear regulator, or a carrier-based with nonlinearity compensation controller designed on the basis of the input-output feedback linearization technique. The outer controller is a linear Proportional-Integral (PI) one represented by the transfer function H v (s). K i , K v0 and K v1 are scaling factors for the current and voltage loops, respectively. To ensure high stability of the control system, the outer loop is designed to be enough slower than the inner one.

In addition, in order to emulate a pure resistor behavior, the current reference must have the same shape as the rectified source voltage v in , with an adjustable magnitude. An analog multiplier is used for this purpose. Furthermore, in order to avoid the distortion of the current reference, the voltage control signal u c should be harmonic-free. This can be achievable either by tuning adequately the outer regulator which will have the additional task to filter the 120Hz component (at twice the mains frequency) in the output DC voltage v out , or by inserting a suitable second-order low-pass filter, represented by the transfer function F v (s), in the voltage feedback path.
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A. Hysteretic Control

In this first case, the inner controller is a hysteretic flip-flop with a 1.5A width, as illustrated in Fig. 5.b. The current width is calculated in order to get a maximum switching frequency n e a r 5 0 k H z a l l o v e r a m a i n c y c l e . T h i s w o u l d a l l o w a convenient comparison with the other carrier-based control strategies, where the switching frequency is fixed at 50kHz. Despite its simplicity of implementation and robustness to disturbances, this control strategy suffers mainly from a timevarying switching frequency, rendering the whole system less reliable in case of parameters variations and increasing the filtering effort due to a more distributed harmonics in the current spectrum.

B. Carrier-Based Linear Control

In this second case, the inner controller is a linear Proportional-Integral (PI) regulator, represented by the transfer function H i (s), as illustrated in Fig. 5.c. The parameters of both inner and outer regulators are calculated using the lead-lag compensation method, on the basis of the transfer functions established in the previous section. They are chosen in order to ensure high dynamic performance in the system bandwidth. Having in mind that the current loop is in fact embedded into the voltage one, the design of the outer regulator will thus make use of the following open-loop transfer function that takes account of the presence of the inner loop:
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The inner control signal u i given by the current regulator is compared to a saw-tooth carrier in order to generate a fixedfrequency PWM gate signal for the pair of switches.

Despite its relatively good performance in terms of regulation and reliability, this control approach disregard the nonlinear aspect of the converter and, hence, cannot match the required dynamics in case of large set-point offsets.

C. Carrier-Based Nonlinearity Compensating Control

In this third case, the inner controller is a nonlinear one. It is designed on the basis of the Single-Input-Single-Output (SISO) input/output feedback linearization principles in order to achieve nonlinearity compensation of the inner subsystem. A nonlinear block, represented in Fig. 5.d by T, is thus used in order to transform the inner subsystem model (which is originally nonlinear) into a linear canonical one. This would simply considerably the design of the inner regulator. The control signal u i generated by the nonlinear block is then compared to a saw-tooth carrier in order to generate a fixedfrequency PWM gate signal for the pair of switches. The outer controller is still a linear Proportional-Integral (PI) one.

System (1) has relative degree 1. Thus, the derivation of the inner control law is based on the first equation in [START_REF]IEEE Recommended Practices and Requirements for Harmonics Control in Electric Power Systems, IEEE Std[END_REF]. It yields:
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where u i denotes the output of the inner controller, v i the new control input of the linearized inner subsystem, and PWM v ˆ the peak value of the saw-tooth modulation signal. Replacing equation (8) into model [START_REF]IEEE Recommended Practices and Requirements for Harmonics Control in Electric Power Systems, IEEE Std[END_REF] gives the following canonical form of the inner subsystem: 
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The internal dynamics, which are characterized by a firstorder subsystem:
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are stable, having a bounded solution.

V. NUMERICAL IMPLEMENTATION AND SIMULATION RESULTS

In order to highlight the performance of the two-switch asymmetric half-bridge boost converter in PFC applications, a virtual version of the control system of Fig. 5.a has been implemented using Matlab/Simulink. The numerical values of the structural parameters and operating conditions are listed in the Appendix. The converter is implemented according to its switching-function-based model [START_REF] Kanaan | Modeling and Simulation of a DC-DC Dual-Boost Converter in Continuous and Discontinuous Current Modes Using the Switching Functions Approach[END_REF].

The simulations are carried out using a fixed-step ode5 (Dormand-Prince) solver. The step size is 1 s. The obtained results for a 1kW-load are given in Figs. 6, 7 and 8 for the hysteretic, carried-based linear and carrier-based nonlinearity compensating control schemes respectively. Table I compares the major characteristics of the proposed control algorithms, namely the line current THD, the input power factor, the maximum switching frequency, the high-frequency current ripple near the positive and negative peaks of the source current, and the DC output voltage ripple at 120Hz. It is found that the carrier-based control schemes exhibit slightly better steady-state performance than the hysteretic-based one in terms of source current THD and input power factor. As for the carrier-based control systems, the control input generated by the nonlinearity compensating controller (see Fig. 8.c) lies within the saturation limits and presents relatively small high-frequency fluctuations, contrarily to the one given by the conventional PI regulator (see Fig. 7.c). In addition, these figures show that, in all three cases, i in and v out are always positive, which justify the assumption of a CCM/CVM operation made previously. Note finally that in all three control cases the control detuning problem, from which suffers the conventional Boost PFC, doesn't exist. 

VI.CONCLUSION

In this paper, a two-switch asymmetric half-bridge singlephase boost power factor corrector that ensures perfect current tracking has been analyzed. A CCM/CVM state-space averaged model of the converter has been developed, and corresponding small-signal transfer functions have been computed. Three multi-loops control strategies have been proposed and designed accordingly in order to achieve a unity power factor at the mains and a regulated DC voltage at the load side. The first control scheme employs an inner hysteretic-based controller for current wave-shaping, the second one uses a conventional PI regulator with a carrierbased PWM signal generator, and the third one introduces a carrier-based control law with model nonlinearity compensation. In all three cases, the outer voltage controller is PI-type. The converter and its associated control circuits were implemented numerically using the Matlab/Simulink tool, and the steady-state performances of the each control system were evaluated and compared. 
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 1 Fig. 1. Control detuning problem in the conventional Boost PFC.
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 2 Fig. 2. Two-switch asymmetric half-bridge Boost PFC.
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 3 Fig. 3. Operating sequences in CCM/CVM: electrical configuration when Q1 and Q2 are turned-on (a) or turned-off (b).
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 4 Fig. 4. Waveforms over a switching period.

Fig. 5 .

 5 Fig. 5. (a) Control system with different control strategies for the inner-loop: (b) hysteretic control, (c) carrier-based linear control, (d) carrier-based nonlinearity compensating control.

  t h e t r a c k i n g p r o b l e m a t h a n d , w e m a y c h o o s e t h e following control law:
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 678 Fig.6. Simulation results given by the hysteretic-based control system at rated load: Steady-state waveforms of (a) the source voltage (vs) and the source current (is) , (b) the current in the input inductor (iin), and (c) transient waveform of the voltage across the output capacitor (vout) following a start-up.

TABLE I COMPARATIVE

 I PERFORMANCE EVALUATION OF THE CONTROL SYSTEMS APPLIED TO THE TWO-SWITCH ASYMMETRIC HALF-BRIDGE BOOST PFC

	Performance	Hysteretic	Linear	Nonlinear
	Characteristics	Control	Control	Control
	Line current THD	9.2%	9%	8.6%
	Input power factor	0.9958	0.9959	0.9962
	Max. switching frequency	50kHz	50kHz	50kHz
	Current ripple	10.6%	10.9%	10.4%
	Output voltage ripple	4%	4%	4%
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