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Matrix converter is an AC to AC converter without any energy storing element in the dc-link; therefore, any distortion in the input voltage directly affects the output voltage quality. In this paper, firstly, space vector modulation for direct matrix converter is discussed. Afterwards, a closed loop method without output voltage sensors is proposed in order to reduce the distortions in the output voltage. In the proposed method, output currents are measured and compared with their reference values, then, the error goes into a proportional resonant (PR) controller to determine the modulation index and angle of the output voltage. No need for output voltage sensors, simple implementation and low computational burden can be considered as the advantages of the proposed method. Although the method is presented for direct matrix converter, it can be adopted easily for indirect matrix converters. To show the effectiveness of the proposed method, comprehensive simulation tests are conducted and the obtained results are compared with previously proposed method.

INTRODUCTION

Growing demand for power converters in the industrial applications has considerably attracted the attention of researchers. Using AC-AC converters in the industrial applications from one side and significant efforts to reduce the cost and size of converters from another side have resulted in the introduction and development of matrix converter. A matrix converter is an array of bidirectional semiconductor switches and connect directly an AC voltage to a load. Lack of dc-link capacitors in the matrix converter leads to increasing longevity and reliability in comparison with conventional back-to-back (ac-dc-ac) converters. Bidirectional power flow, input and output waveforms, the controllability of output voltage magnitude and frequency besides the ability of input power factor control turn the matrix converter into an applicable converter in the industry [START_REF] Rodriguez | A review of control and modulation methods for matrix converters[END_REF]- [START_REF] Khodabandeh | Ttype direct AC/AC converter structure[END_REF].

Several modulation methods have been reported so for [START_REF] Rodriguez | A review of control and modulation methods for matrix converters[END_REF]. One of the most popular methods is space vector modulation (SVM) [START_REF] Huber | Space vector modulated three-phase to three-phase matrix converter with input power factor correction[END_REF]. Input and output sinusoidal waveforms, control of input power factor independent of output power factor and to achieve maximum voltage transfer ratio (VTR), i.e. VTR=0.866, are main features of SVM.

The conventional methods are based on the assumption that there exist sinusoidal and balanced input voltages; however, in practice, the matrix converter usually fed by a non-ideal input voltage. Therefore, due to the lack of storing capacitor in the dc-link, the performance of matrix converter is dependent on the quality of input voltage.

To reduce the effect of non-ideal input voltage when MC is controlled by conventional methods several methods have been proposed. For Venturini modulation, by considering the distorted input voltages in the modulation and consequently modifying the duty cycles in according to them, the desired output voltage can be synthesized [START_REF] Dastfan | Design and simulation of a power supply based on a matrix converter under unbalanced input voltage[END_REF], [START_REF] Zhang | Control of AC-AC matrix converters for unbalanced and/or distorted supply voltage[END_REF]. In [START_REF] Arevalo | Control and implementation of a matrix-converter-based AC ground power-supply unit for aircraft servicing[END_REF], using a repetitive controller in the output voltage loop the harmonic component of output voltage is reduced. In [START_REF] Chen | The improvement of space vector modulation strategy for matrix converter under unbalanced input voltages[END_REF], a modified space vector modulation was proposed that improved the output voltage's quality by adding negative sequence components to the reference vector in the modulation of the virtual rectifier stage; however, this method is so complex and only works under unbalanced input voltages. Compensation methods for improving the quality of the output voltage are categorized into two main groups. The first one is based on output current closed loop feedback [START_REF] Sun | Compensation control of matrix converter fed induction motor drive under abnormal input voltage conditions[END_REF]. The second one is a feedforward compensating method working based on instantaneous input voltages. In [START_REF] Jussila | Comparison of simple control strategies of space-vector modulated indirect matrix converter under distorted supply voltage[END_REF], the modulation index is determined based on input voltage values to compensate the output voltage distortions. Another modified SVM, including direct and indirect modulations, was proposed that reduces distortions in the load side of MC [START_REF] Wang | A Research on Space Vector Modulation Strategy for Matrix Converter Under Abnormal Input-Voltage Conditions[END_REF]. In this method, in addition to modification of modulation index in according to the magnitude of input and output voltages, the input current angle is calculated using input voltage angle.

In this paper, firstly, the fundamental of MC is described and then, SVM of direct MC is explained in section III. In section IV, the proposed closed loop method to compensate the non-ideal input voltages is explicated. To show the performance of the proposed method, the method is carried out in Matlab/Simulink and its results are compared with the method proposed in [START_REF] Wang | A Research on Space Vector Modulation Strategy for Matrix Converter Under Abnormal Input-Voltage Conditions[END_REF].

II. SPACE VECTOR MODULATION OF MATRIX CONVERTER

A. Matrix Converter Fundamentals

Matrix converter consists of m×n bidirectional switches connected m input phases to n output phases. Usually, a voltage source is connected to the input side and in the output side there exists an induction motor, which can be modeled as a current source. Fig. 1 shows a three-phase to three-phase matrix converter. In according to Kirchhoff's voltage and input laws, the relationship between input and output quantities can be expressed as [START_REF] Bozorgi | Optimum switching pattern of matrix converter space vector modulation[END_REF] ( ) ( ) 
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where, the switching function is defined as
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On the other hand, to avoid input voltage short circuit and interrupting output current, the following constraints should be satisfied ( ) 1, i {A,B,C} , j {a,b,c}.
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B. Space Vector Modulation

SVM is one the most popular methods of matrix converter modulation. The modulation is based on transferring the input and output quantities to space vectors. The space vector of three-phase quantities can be obtained using the following expression 2 2 () 3
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in which, x a , x b and x c are three-phase quantities and a is a complex constant defined as 
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here, ω i and ω o are input and output angular frequency, respectively and φ i and φ o denote initial angle of input current and output voltage, respectively. In addition, the amplitude of output voltage and input current are represented by V om and I im , respectively. Among 27 possible switching state, which determined based on (4), only 21 states leading to stationary vectors can be employed in space vector modulation. Substituting the output voltages and input currents corresponding to these switching states into ( 7) and ( 8), To clarify the main principle of SVM, it can be assumed that out V and in I are in sector 1 and 3, respectively (Fig. 3). Now, the reference vectors can be synthesized using their adjacent active vectors. Since the output voltage and input current vectors should be generated simultaneously, the vectors can only be used that are adjacent to the both vectors. Consequently, under the assumed conditions, among adjacent active vectors, only (±1, ±2, ±7, ±8) can be chosen.

Table II summarizes the active switching state for all possible combinations of output voltage and input current sectors. To calculate duty cycles of active vectors, the reference vectors can be written as follows [START_REF] Bozorgi | Two simple overmodulation algorithms for space modulated three-phase to threephase matrix converter[END_REF] [
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where, α o and β i are output voltage and input current angle, respectively. Solving (9) to [START_REF] Wang | A Research on Space Vector Modulation Strategy for Matrix Converter Under Abnormal Input-Voltage Conditions[END_REF], duty cycles can be obtained as here, q is voltage transfer ratio and is defined as the ratio of output voltage to input voltage amplitudes.

In according to ( 14) to (17), it is obvious that at each moment, two of duty cycles are negative. Since it is impossible to have negative duty cycle, firstly, duty cycles should be assumed positive and then, their corresponding negative switching states should be replaced from Table II. To complete a control period with duty cycles, zero state is added using the following expression i ±ω o appear in the output voltage [START_REF] Kumar | DSP-based matrix converter operation under various abnormal conditions with practicality[END_REF]. As aforementioned, several methods have been introduced to reduce the effect of non-ideal input voltage on the output of the matrix converter. Each of these methods have positive and negative points and only can alleviate the output voltage quality in some aspects.

In the method proposed in this paper, using the measured value of input voltage and output current, it is aimed at minimizing the error between the matrix converter output and its ideal value. Fig. 4 depicts the block diagram of the proposed method. As it can be seen, the modulation control inputs, i.e. modulation index, output voltage angle and input current angle are employed to reduce the effect of distortion on the output voltage.

Under unbalanced condition, using synchronous current reference vector defined by PLL is not effective and input current angle (β i ) must be calculated as arctan( where, V inα and V inβ can be obtained from 11 1 22 , 33 0 22
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To calculate modulation index and output voltage angle, the output current is measured at the first place and after applying Clark transformation to it, the results are compared with their reference values and the error goes to a proportionalresonant (PR) controller.

To achieve acceptable tracking performance for main and harmonic current components a PR controller with the following structure is employed in this equation, ω h is h-th harmonic component. Furthermore, ω ch is cut-off frequency at h-th frequency, k ih is integral gain at h-th frequency and k p is proportional gain of the controller for all frequencies. Given the issues discussed previously about the effects of harmonics on the output of the matrix converter, if in addition to unbalanced voltage, there exist third and fifth order harmonics in the input voltage, besides a controller for the main frequency, there should be controllers enabling to reduce the effect of h={2,3, 4} harmonics in the output voltage. To complete the control block diagram, the controller outputs (compensating voltage) are added to output ideal values and then, using following expressions the voltage modulation index and output voltage angle are calculated
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As it can be observed, equations in the dq frame are removed in this control method and eventually, the computational burden in this method is significantly reduced in comparison with other closed loop methods based on PI controller [START_REF] Sun | Compensation control of matrix converter fed induction motor drive under abnormal input voltage conditions[END_REF].

IV. SIMULATION RESULTS AND DISCUSSION

To verify the effectiveness of the proposed method, the method is simulated in Matlab/Simulink. Table III summarizes the simulation parameters. Assuming these parameters and under ideal input voltage, output current waveform is as Fig. 5. Now, consider the matrix converter is fed by the following input voltages sin( ) Input voltages, input current angle, modulation index, output current and harmonic spectrum of output current of the proposed method are illustrated in Fig. 6. As it can be seen, the modulation index is not constant and continuously changes. Furthermore, the output current has high quality. To evaluate the obtained results, the simulation tests are repeated when the matrix converter is controlled by conventional SVM and modified SVM presented in [START_REF] Wang | A Research on Space Vector Modulation Strategy for Matrix Converter Under Abnormal Input-Voltage Conditions[END_REF]. As it can be observed from the simulation results, the conventional method is unable to generate the desired output currents and the THD is about 17%. The modified SVM has a better performance in comparison with the conventional SVM and the THD is about 5.5%.
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V. CONCLUSION

In this paper, a method to enhance the quality of output voltage of matrix converter under non-ideal input voltage has been proposed. To reduce the impact of distortions on the output of the matrix converter, a closed loop method that does not need any additional output voltage sensor has been presented. A PR controller has been employed to minimize the error between the outputs and their reference values. Also, the proposed method reduces the implementation computational burden by working on stationary reference frame instead of synchronous reference frame. Simulation results has verified the superior performance of the proposed method compared with two previously reported methods.
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TABLE I .

 I POSSIBLESWITCHING STATES AND THEIR SPACE VECTORS

	On Switches			State No.	v	o		v 	o	i	in		i 	in
	SAa		SBb	SBc		+1		2/3vAB		0		2/√3ia	-/6
	SBa		SAb	SAc		-1		-2/3vAB		0		-2/√3ia	-/6
	SBa		SCb	SCc		+2		2/3vBC		0		2/√3ia	/2
	SCa		SBb	SBc		-2		-2/3vBC		0		-2/√3ia	/2
	SCa		SAb	SAc		+3		2/3vCA		0		2/√3ia	7/6
	SAa		SCb	SCc		-3		-2/3vCA		0		-2/√3ia	7/6
	SBa		SAb	SBc		+4		2/3vAB		2/3	2/√3ib	-/6
	SAa		SBb	SAc		-4		-2/3vAB		2/3	-2/√3ib	-/6
	SCa		SBb	SCc		+5		2/3vBC		2/3	2/√3ib	/2
	SBa		SCb	SBc		-5		-2/3vBC		2/3	-2/√3ib	/2
	SAa		SCb	SAc		+6		2/3vCA		2/3	2/√3ib	7/6
	SCa		SAb	SCc		-6		-2/3vCA		2/3	-2/√3ib	7/6
	SBa		SBb	SAc		+7		2/3vAB		4/3	2/√3ic	-/6
	SAa		SAb	SBc		-7		-2/3vAB		4/3	-2/√3ic	-/6
	SCa		SCb	SBc		+8		2/3vBC		4/3	2/√3ic	/2
	SBa		SBb	SCc		-8		-2/3vBC		4/3	-2/√3ic	/2
	SAa		SAb	SCc		+9		2/3vCA		4/3	2/√3ic	7/6
	SCa		SCb	SAc		-9		-2/3vCA		4/3	-2/√3ic	7/6
	SAa		SAb	SAc		01		0		-			-		0
	SBa		SBb	SBc		02		0		-			-		0
	SCa		SCb	SCc		03		0		-			-		0
	TABLE II. SWITCHING STATES EMPLOYED IN SVM IN ACCORDING TO THE
				OUTPUT VOLTAGE AND INPUT CURRENT VECTORS	
									Output Voltage Vector Sector	
							1 or 4			2 or 5				3 or 6
	Input Current	Vector	Sector	1 or 4 2 or 5 3 or 6	9 8 7	7 9 8	3 2 1	1 3 2	6 5 4	4 6 5	9 8 7	7 9 8	3 2 1		1 3 2	6 5 4	4 6 5
						d1	d2	d3	d4	d1	d2	d3	d4	d1	d2	d3	d4

Table III .

 III Simulation Parameters

	Output frequency	100 Hz	Load resistance	3.7 Ω
	Input frequency	50 Hz	Load inductance	3.7mH
	Modulation Index	0.5	Filter resistance	10 Ω
	Switching	10 kHz	Filter inductance	1 mh
	Frequency			
	Input voltage amp.	100 V	Filter Capacitor	8 µF
			(delta conn.)