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1. INTRODUCTION

The bold feature of Matrix Converter (MC) over rectifier-inverter converter is that the AC can be
directly converted to AC with different voltage rms value and different frequency without using any DC link,
so MC can be considered an emerging alternative to the conventional rectifier-inverter converter.
Independent control on the output voltage magnitude and frequency can be provided by utilizing a MC. In
addition to control the phase angle between input voltage and input current and unity input displacement
factor can be achieved. However, this topology does not take its proper place in the industry so far. Because
of the potential commutation problems, it requires a complex control and snubber circuits, in addition to
inaccessibility of bi-directional switches, and low voltage gain [1], [2]. This paper introduces a static R-L
load controlled by using a MC as shown in Figure 1. MC is controlled by using indirect space vector
modulation. There are many space vector modulation algorithms. In this paper an ultra-modified symmetric
sequence space vector modulation algorithm is proposed. This method has lower THD of voltage compared to
conventionaland modified symmetric sequence method, so the size of the required filter is reduced. First, a
short description of MC is introduced. Secondly indirect space vector control of MC is presented showing
how to transform from indirect converter to direct one [3], [4]. MC is used to control load voltage and
frequency. Third the ultra-modified symmetric sequence algorithm is proposed. Fourth simulation and
experimental results for different operating points are displayed.

2.  MATRIX CONVERTER

MC is an AC-AC converter that consists of nine-bidirectional switches which provides a direct
connection between the three-phase input voltage with the load without utilizing any dc link so MC can be
manufactured in a simple and compact form. Matrix converter has the ability of bi-directional power flow,
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unity input displacement factor can be provided [5]. Also, it has minimal energy storage requirements, which
permits to dispose of massive and lifetime-constrained capacitor, but MC does not take its proper place in the
industry as it has some disadvantages. It has limited input output voltage transfer ratio to 0.866 for sinusoidal
input and output waveforms [6], [7]. Because of the lack of switches that allow to the current to flow in both
directions, some MC types need more number of switches compared to conventional rectifier—inverter type.
Input filters are required to reduce the high frequency harmonics and clamping circuit are needed to protect
switches from over voltages due to energy stored in inductive loads. In 1976 Gigi and Pelly introduce the
first principle of a MC [8]. The first mathematical form of MC was introduced in 1980 by Venturini and
switches are the primary disadvantage of this converter [9].
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Figure 1. Direct MC

2.1. Construction of matrix converter
The main structures of MC consists of matrix switches, input filter and clamping circuit as shown in
Figure 2 [10].
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Figure 2. The main structure of MC

2.1.1. Matrix switches

Matrix converter requires a bi-directional switch, bi-directional switch has the ability to connect the
current in both directions, but these switches are not available in our markets so far. Thus conventional
unidirectional can be used to obtain bi-directional switches as shown in Figure 3. The bi-direction switch
used in this proto type is that shown in Figure 3(a) [11].

2.1.1.1. Diode bridge with a single switch

This switch consists of a four ultra-fast diodes with a controllable uni-directional switch as shown in
Figure 3(a). The main advantage of this switch is that it has a simple construction and it requires only IGBT.
The disadvantage of this switch it requires 36 ultra-fast diodes and nine isolated power supply as shown in
Table 1 [11].

2.1.1.2. Common emitter Bi-directional switch

This switch consists of two ultra-fast diodes with two controllable uni-directional switches as shown
in Figure 3(b). The main advantage of this switch is that it can control the current through switch. The
disadvantage of this switch it requires more gate drives power supplies and more IGBTs as shown in
Table 1 [11].
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2.1.1.3. Common collector Bi-directional switch

This switch consists of a two ultra-fast diode with two controllable uni-directional switches (IGBT)
as shown in Figure 3(c). This switch has the same advantage of the common emitter one but this switch
requires only six isolated gate power supplies. The disadvantage of this switch compared to diode bridge with
a single switch, it requires more IGBTSs as shown in. Table 1 [11].
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Figure 3(a). Diode bridge with single IGBT, (b) Common emitter bi-directional switch,(c) Common collector

bi-directional switch

Table 1 the Difference Between Bi-directional Switches

AC-Switch MOSFET Diode Isolated gate supplies Gate signal
Diode bridge with single Switch 9 36 9 9
Common Emitter bi-directional switch 18 18 9 18
Common Collector bi-directional Switch 18 18 6 18

2.1.2. Input filter

As all power electronic-based converters, MC injects harmonics into the grid, which affects other
equipment connected to the same system. The power converter must meet the requirements given in IEEE
519. This standard refers to the allowable injected harmonic contents into the electrical network. Therefore,
the matrix converter requires a suitable input filter to reduce these harmonic components. In order to reduce
the current harmonics in the supply, an LC low-pass filter can be included, as shown in Figure 4(a). The input
filter has to meet the following main requirements. High efficiency, small size and low cost and very small
voltage drop across the filter inductance [12].

(a) (b)
Figure 4. (a) Input filter, (b) Clamp circuit

2.1.3. Clamping circuit

The clamp circuit protects matrix switches from over voltages Figure 4(b) shows clamp circuit used
to protect matrix switches. When all switches of a matrix converter are turned off the inductive load has to
discharge the energy stored in it without making any dangerous over voltages. Therefore, the energy stored in
the inductive loads can be discharged through clamp circuit [12].

2.2. Control of matrix converter
MC consists of nine-bidirectional switches which allow all input lines to connect to all output lines.
If the switches of MC are arranged as shown on Figure 5 the power on the input of the matrix converter must
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be equal to the output power as there is no any energy storage element. Indirect space vector control is the
control strategy used in this paper.
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Figure 5. Indirect matrix converter
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2.2.1. Transformation form indirect MC to direct MC

Indirect space vector control deals with MC as a rectifier-inverter combination with virtual dc link
as shown in Figure 5. Indirect MC consists of two stages, first stage is rectifier based on switches S1-S6,
second stage is inverter, which has a standard three phases voltage source topology based on six switches
S7-S12 [13].
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Where the inverter transfer function is represented by a matrix N, transfer function of the rectifier is
represented by a matrix E and K represent transfer function of MC [14]. This strategy deals with MC as a
cascaded rectifier-inverter. Therefore, space vector of the inverter output voltage and space vector of rectifier
input current can be decoupled to control direct MC. As shown in (4), the output phases can be compounded
by the product and sum of input phases through rectifier and inverter switches S;—S, and S,—S;,
respectively. The first row of the matrix in (5) shows how to obtain output phase A from input phases a, b
and c for direct MC using Indirect Space Vector Modulation (ISVM) and this can be illustrated again in
graphical viewpoint as in Figure 6 [11], [12].
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Figure 6. Transformation from indirect matrix converter to direct one in phase A

Implementation of Ultra-modified Symmetric Sequence Algorithm for Space Vector ...

(Kotb B. Tawfiq)



268 a ISSN: 2252-8792

2.2.2 Current source

The current source rectifier consists of six switches S1-S6, as shown in Figure 7. The rectifier has to
generate constant dc voltage from three phase input voltage. The virtual dc link voltage and input currents
can be calculated from the rectifier transfer function E as follows

V,
VD+C]= S1 53 55] Va 6
vel=ls s s, g ©)
Ia Sl SZ r I
P
H=[53 &l /] ™
Ic 55 56 n

The input current space vector I;y can be expressed as follows

2
IIN=§(1a+a.Ib+a2.IC) (8)
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Figure 7. Current source rectifier
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For virtual rectifier, there is allowed nine switching combinations to avoid an open circuit in
rectifier. These nine combinations are divided into six active nonzero input current vectors I, — I, and three
zero input current vectors I, as shown in Figure 8(a). The current space vector state I, (a b) means that input
phase a is connected to the positive terminal of the virtual dc link (VDC+) and input phase b is connected to
the negative terminal (VDC-). Figure 8(a) shows the configuration of the discrete seven space vectors of the
input current in a hexagon in a complex plane and the reference input current vector Ijwithin a sector of the
input current hexagon [12]. The I;ycan be obtained by impressing the adjacent active vectors I, and Iswith the
duty cycles d, and ds, respectively, as shown in Figure 8(b). By using the current-time product sum of the
adjacent active vectors, the reference input vector can be expressed as follows

II*N = dyly + dtgl(g + dOCIO (9)
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Figure 8. (a) Space vector of current source rectifier, (b) Composition of the reference input current
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The active vectors duty cycle can be written as :-

d, = me.sin (g - 95) (10)
ds = m..sin(6,) (11)
doe =1—(d, +ds) (12)

Where, 8, represent the angle of the reference input current vector within the sector of the hexagon.
The m, is the current modulation index and define such as;

m, = I (13)

Ipc

2.2.3. Voltage source inverter

The Voltage Source Inverter (VSI) consists of six switches S, — S, as shown in Figure 9. VSI has
to generate three-phase output voltages from constant virtual DC input voltage. The output voltage can be
represented as a function of DC input voltage and transfer function of the inverter as in Equation (14). The
DC link current can be derived by using the transposed of transfer function of the inverter as in Equation (15)
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Figure 9. Voltage source inverter

The output voltage space vector V. can be expressed as follows:
Vour =>(Va+a.Vg +a2.Vo) , a=1xel2 (16)

The switches of the inverter have only eight allowed combinations, because the output must not be
short though three half bridges and the load must not be opened at any instant. These eight permitted
combinations can be classified into six active nonzero output voltage vectors V; — V, and two zero output
voltage vectors V,. The voltage space vector V; (100) means that the output phase V, is connected to positive
terminal of the virtual dc link (Vpc:) and the phases Vg, Vcare connected to negative terminal (Vpc.).
Figure 10(a) shows the configuration of the discrete seven space vectors of the output voltage in a hexagon in
a complex plane. The reference output voltage V; can be obtained by a vector sum out of seven discrete
voltage vectors, V; — Vgand V,. This hexagon can be divided into six sectors. The duty cycles d, and dg of
active vectors Vi, and Vg, respectively, for the reference voltage vector Vi within a sector of the voltage
hexagon can be derived from Figure 10(b) [15].
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Figure 10. (a) Hexagon of inverter voltage (b) Composition of the reference output voltage vector

Vi = dgVy + dgVg + d,V, 17)
d, = 1—‘: = m,.sin G — Gv) (18)
dg = % = m,.sin(8,) (19)
dz=$—:=1—(da+dﬁ) (20)

Where, T, Tg and T,are the total duration times of the vectors V, VgandV, respectively, and

0, indicates the angle of the reference output voltage vector within the sector of the hexagon. The myis the
modulation index of the output voltage and define such as;

— \/gvo,max (21)

m
v Vbc

3. SYMMETRIC SEQUENCE ALGORITHM

This section proposes a modified symmetric sequence algorithm for space vector modulation. The
proposed algorithm reduces THD of the output voltage. When the desired output voltage vector of the
inverter lies in sector 1 as shown in Figure 10(b). The inverter switches [ S]_7 [- S]_12 doesn’t have a state
represent this position, so this position can be represented by adjacent vector[V) o, V_p [[and V)_zwith duty
cycle d_a,[d_pand d)_z. The main distinction between PWM algorithms that utilize adjacent vectors is zero
vector selection, sequence in which the adjacent vectors are applied and splitting of the duty cycle of each
adjacent vector [11], [12].

3.1. Conventional symmetric sequenc algorithm

There are many SVM algorithms; one of them is symmetric sequence algorithm that has low THD
as shown in Figure 11(a). During each switching time T the duty cycles of each vector V,, VgandV,
(dg,dg and d,) is calculated. In the conventional symmetric sequence algorithm the duty cycle of vector V,
d, d,

d,) is divided to two equal period, dg also and d,is divided to three periods—=,—=and 4 The sequence in
B 24 4

this method is V, — V, — Vg —V, =V — V,— V, [11].

3.2. Modified symmetric sequenc algorithm

In [12] a modified symmetric sequence algorithm is proposed, the modification in this algorithm is
the sequence in which the vectors are applied and the number of division of each duty cycle for each vector.
In the modified algorithm the duty cycle of V, (d,) is divided to four equal periods, dg also and d,is divided

to five periods%,%,% %and%. The sequence in the proposed algorithm is as followV, — V, —

Vg —V, =Vq = Vg—V, =Vg — V,— V,—Vg — V,— V, as shown in Figure 11(b).

’

3.3. Ultra-modified symmetric sequenc algorithm
This paper proposes an ultra-modified symmetric sequence algorithm, sothat to overcome the
drawback of the modified algorithm. In the ultra-modified algorithm the duty cycle of V, (d,) is divided to
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. . dy dy dg do d d . .

six un equal perlodsf,f,?“,?“,?“and?“,dﬁ alsoand d,is divided to seven un equal
. d. . . .

perlods:,—,—,—,—,—and?z.The sequence in the proposed algorithm is as followsV, — V, —

Vo=V, —Vo = Vg =V, — Vo = Vg = V, =V — V= V,—Vg — V,— V,—Vg — V,— V, as in Figure 11(c).
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Figure 11(a). Conventional symmetric sequence algorithm, (b) Modified symmetric sequence algorithm,
(c) Ultra-modified symmetric sequence algorithm

3.4. Implementation of ultra-modified symmetric sequence algorithm

This part introduces how to implement SVM of VSI with ultra-modified symmetric sequence
algorithm by using MATLAB Simulink. Figure 12(a) show how to transform the reference output voltage
into vector angle and vector amplitude. By using the angle of the reference output voltage we can know
number of sector in which the reference output voltage is located. If the reference output voltage vector of the
VSI locates in sector 1 as shown in Figure 12(a) the inverter switches [ S]_7 [- S)_12 doesn’t have a state
represent this position, so this position can be represented by adjacent vector[ V) _a, V_p [and V)_z with
dutycycle d o ,[d B and d)_z. After calculating the duty cycles of each adjacent vectors, every one ask
himself how to deal with adjacent vector and the sequence in which these duty cycles are applied to VSI. The
answer to this question is modified symmetric sequence algorithm. Figure 12(b) shows the trend of
implementation ultra-modified symmetric sequence algorithm in MATLAB Simulink. The first step after
calculating duty cycles for each adjacent vector in modified symmetric sequence algorithm is to apply the
zero vectors for a time equal to one-fourth its period. This can be achieved by comparing the one-eighty of
zero vectors duty cycle with a ramp signal of a switching time equal to 2 ps as shown in Figure 12(b). The
second step is to apply the first vectors for a time equal to one- eighty its period. This can be achieved by
comparing the ramp signal with two signals as shown in Figure 12(b). The third step is to apply the second
vectors for a time equal to one- eighty its period. This can be achieved by comparing the ramp signal with
two signals as shown in Figure 12(b) and so on.

Implementation of Ultra-modified Symmetric Sequence Algorithm for Space Vector... (Kotb B. Tawfiq)
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Figure 12. Implementation of the ultra-modified symmetric sequence algorithm

4. SIMULATION RESULTS

Simulations were done using MATLAB/Simulink software package. The simulation results for a
MC interfaced 50 Hz three-phase supply with an isolated R-L load (R=144Q, 1L=0.25H) will be presented
with switching time=2e-6 sec. The ultra-modified symmetric sequence algorithm is used with indirect space
vector to control MC. The modified algorithm reduces the THD for the output voltage as shown in Figure 14
also THD for output voltage with conventional symmetric sequence is shown in Figure 13(a). The simulation
results showed that the THD of output voltage is reduced with the modified algorithm. The modified method
decreases the THD of the output voltage so decrease cost and size of the required filter but this amethod
increases THD of the output current as shown in in Figure 14(b). The proposed method decreases the THD of
the output voltage and current as shown in in Figure 15. Figure 16 shows input displacement factor control,
Figure 16(a) shows unity input displacement factor, Figure 16(b) shows input displacement factor with
displacement factor angle equal to[[ 20 )”™o. Other simulation results that show unlimited output frequency of
MC are showed where, Figure 17 shows 100 Hz output frequency, Figure 18 shows 12.5 Hz
output frequency.
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Figure 1. Simulation results for 12.5Hz output (a)output voltage V_A 12.5 Hz (b) Output currenti_A 12.5 Hz

5. EXPERIMENTAL RESULTS

Experimental results were performed using DSP1104, for a MC interfaced 50 Hz three-phase supply
with an isolated R-L load (R=144Q, [=0.25H) will be presented with switching time =0.0002 sec.The
experimentalresults showed that the THD of output voltage is reduced with the modified algorithm and ultra
modified algorithms where Figure 19 shows THD for output voltage and current with conventional
algorithm, Figure 20 shows the THD with modified algorithm and Figure 21 shows experimental results for
output voltage and current with the proposed algorithm which have the loer Value for THD. Figure 22 shows
experimental results for an output frequency of 100Hz, Figure 22(a) shows 100Hz output voltage, Figure
22(b) shows 100 Hz output current, Figure 23 shows experimental results for an output frequency of 12.5Hz.
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Figure 19. Experimental results for THD for 25 Hz (a) Output voltage,(b) Output current for conventional
symmetric sequence algorithm
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Figure 20. Experimental results for THD for 25 Hz (a) Output voltage,(b) Output current for modified
symmetric sequence algorithm
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Figure 21. Experimental results for THD for 25 Hz (a) Output voltage,(b) Output current for ultra-modified
symmetric sequence algorithm
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Figure 22. Experimental results for 100Hz output

Yy Y SV
YTy SAATATAIAY

time[sec] time[sec]
(a) Output voltage V, 12.5 Hz (b) Output current i, 12.5 Hz

Figure 23. Experimental results for 12.5 Hz output

6. CONCLUSION

In this paper, an ultra- modified symmetric sequence algorithm of space vector modulation of matrix
converter is introduced which overcome the drawbacks of the modified algorithm, where it reduces both
THD of output voltage and output current. The MC provides a wide range of output frequency, so it can be
used for high speed application, and this is the advantage of MC compared to cycloconverter. The angle
between input voltage and input current of MC can be controlled and unity input displacement factor is
achieved. The analysis of indirect space vector modulation was introduced, in addition to introducing how to
transform from indirect MC to direct one. The simulation and experimental results were displayed which
gives a presics proof for the propose algorithm.
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