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Abstract: The paper proposes and analyzes a new circuit of direct A.C.-A.C. converter that can perform a bidirectional energy flow. We calculated the equations governing the functioning of the circuit. The adequate functioning and high performance of the circuit (the efficiency and waveform of the absorbed input current) were tested both by simulation and experimentally.
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1. Introduction
	There are numerous fields where AC-AC converters (AC choppers) are used, among which AC motor drives, switching AC adjustable sources, output voltage waveform restorers, electrical heating, lighting control, etc. High frequency AC-AC converters successfully replace AC voltage controllers using SCRs or TRIACs. At high operating frequencies (over 20 kHz), there is no noise, filters are smaller in size, the efficiency is higher and the AC grid current waveform is better.
	Low-frequency AC choppers are presented in [1]. References [2]-[6] present improved PWM control techniques that increase the power factor and eliminate certain harmonics. Reference [7] analyzes, by simulation, a IGBT chopper with a 5KHz frequency, for which a harmonic injection PWM technique was designed in [8]. References [9]-[12] present AC three-phase chopper versions, analyzed by simulation.
	References [13] and [14] present AC choppers with improved commutation and high efficiency, but circuits are complex. The possibility of using the sliding control mode in AC-AC resonant converters is explored in [15]. References [16], [17] and [18] analyze AC choppers involving three-level converters, and [19]-[21] suggests several topology versions using commercial power modules. Paper [22] presents the use of two coupled inductors for making an efficient AC-AC converter.  A simple circuit of direct AC-AC buck converter is presented in [23] and its adequate operation is checked by simulation.
	The paper presents a new single-phase AC-AC direct buck converter. By comparing our paper with other articles [14] and [19], we find that:
- The complexity of the circuits is comparable; our paper suggests using an inductance instead of two capacitors.
- Transistor control is more complicated: in [14], it has to be done at the same time as the sum between the supply voltage and the load voltage, and in [19] the control must be simultaneous with the supply voltage. The control of the 4 transistors in our paper is extremely simple, since no synchronization is necessary and there is no dead time in switching, as it is the case for [14] and [19].  
- The output and input voltages, both in [14] and [19], must be galvanically isolated, and no grounding or extensions to three-phase circuits are allowed. In our solution, the supply voltage and the load voltage have a common connection. 
- Neither [14] nor [19] report the efficiencies deduced/measured experimentally. As it results from the waveforms in [14] and [19], the current supplied by the power source is in phase with the supply voltage, which means that resistive or very low inductive loads were used in the experimental measurements.
	The operation equations are drawn under less restrictive conditions and its adequate functioning is validated both by simulation and experiments. The operating frequency is 20 kHz. This frequency was chosen since it goes beyond the range of acoustic frequencies perceived by the human ear and in order to be able to use IGBT’s. Certainly, a higher switching frequency of the converter will determine lower values for the inductances and capacitors in the circuit presented. The proposed converter has a simple control circuit based on a general purpose 8-bit microcontroller that generates PWM control signals with no dead time, subsequently used for the ON/OFF control of the converter transistor.     
	The resulting control circuit is simple, with a high efficiency and a nearly sinusoidal input current [24]. Moreover, the power flow can be bidirectional, and its functioning is adequate, irrespective of the load nature, which can change during the functioning.  
One of our purposes was the correction of the input current waveform. Given that the supply voltage is sinusoidal, the most favorable sampling is uniform sampling, which we used in the paper, because the average values of the voltage (therefore of the current) for various sampling periods remain sinusoidal, which leads to the minimization of the harmonics for the current supplied by the power source.

2.  Circuit Analysis
	Figure 1 shows the circuit of the AC-AC single-phase converter containing the filter Lf, Cf, the IGBT switches S1-S4, the diodes D1-D4, the snubbers Rs1, Cs1 - Rs4, Cs4 and the inductors L1 and L2. The voltage of the load impedance Z is v0 and the corresponding current is i0. 
 (
Figure 1.
 AC-AC direct buck converter
)







	In Figure 1, due to the L1  inductance, we can assume that the current i1= const. throughout the switching period, so while iD1 decreases, iD2 increases (and vice versa), switching being easy. For transistors S3 and S4, the switching is made in the same conditions. 

                                                                                                                                                        (1) 
 Figure 2 presents the waveforms of the voltage v0 and of the current i0 for an inductive load, as well as the generation of the control signals of IGBTs S1-S4. 
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	Due to the two inductances, it is possible to control simultaneously the pairs of switches S1-S3 and S2-S4 with no dead time. If i0 > 0 in the DT time intervals (D is duty cycle and T is period), i0 flows through S1, D1, L1, Z and in the time intervals (1-D)T, it flows through Z, S2, D2, L1. If i0 < 0, the current will go through switches S3 and S4. The uniform PWM control is thus used, as in the case of the DC converters, where f=1/T is the switching frequency. 
	The load impedance in Figure 1 is given by the equation: 



,, 							         (2)
where fm is the frequency of the AC grid that feeds the converter.

A. The resistive load case
	The equivalent circuits used for calculating the operation equations were obtained under the following simplified hypotheses: the passive components are ideal, the power devices are ideal switches, the voltage v is sinusoidal and remains constant for a period T and the interference of the snubbers is neglected.
Figure 3(a) shows the equivalent circuit corresponding to the interval t ϵ [0, DT], and the equivalent circuit corresponding to the interval t ϵ [DT, T] or t’ ϵ [0,(1-D) T] is shown in Figure 3(b), from the switching period K.	
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When we integrate the equation system (4) in the initial conditions,

 									         (5)
we obtain:
								       				         (6)




	The time constant L1/2R is much lower than DT, even for D=0.1, and we can consider . Therefore, for t=DT, we obtain the following resulting values:

 											         (7)
 The equations for the equivalent simplified circuit presented in Figure 3(b) are given in (8).

                                                                                                                                                       (8)

When we integrate the equations (8) in the initial conditions (7), we obtain:

										         (9)
After analyzing the solutions (6) and (9) for several consecutive switching periods, we obtain the general equations:

						       (10)
 (
Figure 4.
 The waveforms of the 
currents in equations (10
)
)	Based on equations (10), Figure 4 illustrates the waveforms of the currents flowing through the two inductances and through the load resistance.






B. The inductive load case
	In the case of an inductive load, the equivalent circuit corresponding to the interval t ϵ [0, DT] is represented in Figure 5(a) and the equivalent circuit corresponding to the interval t ϵ [DT, T] or t’ ϵ [0,(1-D)T]  is represented in Figure 5(b). 
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 The equations for the equivalent simplified circuit presented in Figure 5(a) are given in (11).

 									       (11)
By integrating the system (11) in the initial conditions

 							      (12)
and taking into account that L2=L1, we obtain

 							       (13)
When we replace t=DT, the following initial values result for the following time interval:

 					       (14)
The equations for the equivalent simplified circuit illustrated in Figure 5(b) are given in (15).

 									       (15)
When we integrate this equation system in the original conditions (14), we obtain:

 					       (16)
When we apply the equation (16) to t’=(1-DT), we obtain the initial values corresponding to the following switching period.
If the numbering of the switching periods starts when the load current is 0,

 							       (17)
the initial conditions for the currents are the following:

 							       (18)
If we take into account that

 								       (19)
We obtain the following equations:

						       (20)


							       (21)

The value of the current I1 can be deduced from the value of the current i’1k for , calculated at t’=(1-D)T.
The load voltage is controlled by the duty cycle “D”

 										       (22)

3. The Simulation and Experimental Results
The correct functioning of the proposed circuits was tested by simulation. In all circuits, the converter was powered by a voltage Vm = 110 V, fm = 50 Hz. The load used in the simulations and in the prototype is the same: resistive load: R=150 ohm; inductive load: R=150 ohm and L=750 mH. The duration of the transitional/transitory regime for circuit L1, R should be much shorter than the conduction duration DT of the IGBT transistors.

                                                                                                                                         (23)
For D=0.1,  fs=20 KHz and R=150 Ω:


                                                                                                         (24)
For practical considerations, L1 was given the value 0.2mH.

When the duration of the transient regime 3xRxCf  is longer than the IGBTs switching period, the result is: 


                                                                                                     (25)
For practical considerations, Cf  was given the value 0.33µF.

The condition :

                                                                                (26)
For practical considerations,  Lf  was given the value 3mH.

The functioning conditions (voltage and current stress) are calculated based on the following equations:

									       (27)

								                     (28)

									       (29)

								       (30)
Table 1. Key parameters of the experimental prototype
	Parameters
	Symbol
	Value

	AC input voltage
	Vm
	110V (RMS)

	Input frequency
	fm
	50Hz

	Resistive load
	R
	150Ω

	Inductive Load
	R/L
	150Ω/750mH

	Transistors
	S1-S4
	IRGB8B60KPBF

	Diodes
	D1-D4
	MUR460

	Inductances
	L1, L2
	0.25mH

	Input filter
	Lf
	3mH

	
	Cf
	0.33µF

	Microcontroller
	
	PIC16F684

	Snubber
	RS1-S4
	100Ω   

	
	CS1-S4
	3,3nF



 Figure 6 shows the waveforms obtained by simulations, Figure 6(a) - the waveforms of the vo voltage and of the io current and Figure 6(b) shows the waveforms of the vm voltage and of the im current for a duty factor D=0.5. Figure 6(c) and Figure 6(d) show the same waveforms for D=0.9, for the resistive load case: R=150 ohm 
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Figure 7 shows the waveforms obtained by simulations, Figure 7(a) - the waveforms of the vo voltage and of the io current and Figure 7(b) shows the waveforms of the vm voltage and of the im current for a duty factor D=0.5. Figure 7(c) and Figure 7(d) show the same waveforms for D=0.9, for the inductive load case, where the output impedance is: R=150 ohm si L=750mH.
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The laboratory prototype presented in Figure 8 was built and tested with the following parameters: input voltage Vm = 110 V and fm = 50 Hz. The components of the power supply filter are: Lf=3 mH, Cf=0.33µF and the switching frequency is f =20 kHz. The control circuit of the converter was made up using a PIC16F684 microcontroller. The software was designed to be implemented on the PIC16F684 microcontroller, made by the MICROCHIP Company. It was chosen because it is cheap, easy to program and use. 
[image: ]
 (
Figure 8. 
 
Experimental setup
)



	The software routine was written in C programming language for the PIC16F684 microcontroller, which works at 8MHz. At the beginning, the program variables are initialized, as well as some internal blocks of the microcontroller (ADC: Analog to Digital Converter, Ports: Input/Outputs Ports, PWM: Pulse Width Modulation). The program implemented on the microcontroller is aimed at obtaining two 20KHz PWM signals, which are complementary to each other, at the output pins P1A (pin 5) and P1B (pin 6) with no dead-time. Since the experimental part was designed with the purpose of proving the concept of the power circuit, we chose the direct method of changing the duty cycle in accordance with the readings of an analogical voltage at pin AN2 (pin 11), where a potentiometer was installed. Depending on the analogical voltage read at this pin, the duty-cycle of the PWM signals from pins P1A and P1B is modified in order to get different PWM values necessary for testing the power circuit.

	Figure 9 shows the waveforms obtained by measurements, Figure 9(a) shows the waveforms of the vo voltage and of the io current  and  Figure 9(b) shows the waveforms of the vm voltage and of the im current for a duty factor D=0.5. Figure 9(c) and Figure 9(d) show the same waveforms for D=0.9, for the resistive load case, R=150 ohm .


	
 







 (
Figure 9.
 Waveforms of the 
v
o
 voltage,
 
i
o
 current, 
v
m
 voltage and
 
i
m
 current for 
D=0.5
 and for 
D=0.9
, in the resistive load case  
R=150ohm
.
)

	Figure 10 shows the waveforms obtained by measurements, Figure 10(a) - the waveforms of the vo voltage and of the io current and Figure 10(b) shows the waveforms of  the vm voltage and of the im current for a duty factor D=0.5. Figure 10(c) and Figure 10(d) show the same waveforms for D=0.9, for the inductive load case, where the output impedance is: R=150 ohm and L=750mH.
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For calculating the THD, the following equation was used: 

                                                                                                                                            (31)
where I01 is the RMS value of the current  source fundamental, I02 is the RMS value of the first harmonic of the current  source at a switching frequency of 20kHz, etc.
For calculating the PF, the following equation was used: 

,                                                                                                                                         (32)

where(phase shift between the voltage and the current supplied by the power source).
Figure 11(a) shows the THD for the resistive load case, Figure 11(b) shows the THD for the inductive loadcase, Figure 11(c) shows the Power Factor (PF) in the case of an inductive load (L=750mH and R=150ohm), Figure 11(d) shows the efficiency obtained by simulations and Figure 11(e) shows the efficiency obtained by  measurements for the cases of the resistive load and of the inductive load.

 (
Figure 11. THD analysis for the input current, the Power Factor (PF) and the Efficiency for the resistive load and the inductive load cases
)

If the load is purely resistive (as it can be seen in the paper, Figure 6 and Figure 9), the current supplied by the source is in phase with the supply voltage, so the Power Factor is high. If the load is highly inductive (L=750mH), the phase shift is reduced and PF decreases, as shown in Figure 11(c).
	The bidirectional functional characteristic is proved experimentally on inductive load (L=750mH and R=150ohm). Figure 12 show that there are time intervals in which the voltage and the current supplied by the power source have different polarities, thus proving that the energy flows from the load to the source.







Figure 12. Waveforms of the voltage source vm  and current source im : a) D=0.5 and b) D=0.9

4. Conclusions
	The paper analyzes a new circuit of direct AC-AC buck converter containing two inductances and four power switching devices. The analysis targets both resistive and inductive loads. For controlling the switches, we used constant sampling, with the same duty cycle in all the switching periods and no dead time. The resulting control circuit is simple, and the energy flow can be bidirectional. The input filter is simple and the input current waveform is good.
	The adequate functioning of the circuit was tested by simulation, as well as on a laboratory prototype. The simulation led to the following efficiencies for resistive loads: 0.967 for D=0.5 and 0.979 for D=0.9, and for inductive loads: 0.956 for D=0.5 and 0.971 for D=0.9. The experimental tests resulted in the following efficiencies: 0.8812 for D=0.5 and 0.9496 for D=0.9, inductive loads (L=75mH): 0.86 for D=0.5 and 0.92 for D=0.9, and for inductive loads(L=740mH): 0.66 for D=0.5 and 0.65 for D=0.9.
	Although the circuit proposed is single-phase, a three-phase converter can be easily obtained by joining three single-phase converters. The proposed circuit can be done by commercial power modules.
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