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Abstract – This paper proposes a novel control strategy of a 
matrix converter, which features direct instantaneous-active- 
and reactive-power control of the converter.  The power can 
directly be regulated by selecting an optimum switching state 
with a relay (bang-bang) control algorithm; thus an ultimately 
high-speed response of the power control is achieved.  A 
theoretical aspect of the control is discussed, and some computer 
simulation results are presented to confirm the basic 
controllability of the technique.  In addition, several operation 
characteristics are examined through experimental tests, using a 
1.5-kW prototype.  The maximum efficiency and total input 
power factor of the experimental setup were 95.4 % and 99.9 % 
at 1.5-kW load with 30-Hz output frequency, respectively.  Also, 
the total harmonic distortion of the input current was 5.9 % at 
the rated load condition.  These results prove feasibility and 
effectiveness of the proposed strategy.   
 
 

I. INTRODUCTION 
 

In general, an AC/DC/AC power conversion is extensively 
used in a variety of power system applications, industry 
applications, transportation systems, and etc., which requires a 
rectifier, a DC bus, and an inverter to obtain arbitrary AC 
power from a utility power source.  Since two-stage power 
conversion is indispensable in such conventional systems, 
however, total power conversion efficiency from the utility 
power source to a load is normally around 90 % at most and it 
is rather difficult to improve the efficiency higher than 95 %.  
Furthermore, the conventional system requires a bulky 
energy-buffering device such as an electrolytic capacitor to 
smooth DC bus voltage, which prevents physical size 
reduction and longer product life of the whole apparatus.  In 
recent years, therefore, matrix converters have intensively 
been studied and many researchers have published a numerous 
number of papers on the matrix converters because it makes a 
direct AC/AC power conversion possible without any 
energy-buffering devices.   

The authors have been investigating a direct power control 
(DPC) strategy of power converters and its application to 
various power conversion systems.  This strategy features 
relay (bang-bang) control of instantaneous active and reactive 
power, which is accomplished by a direct selection of an 
optimum switching state of the power converter.  The DPC 
system requires none of a current minor loop, rotational 
coordinate transformation, and a linear regulator such as a PI 
element to control the power converter.  Therefore, the 
strategy allows an ultimately high-speed power control 
response, which leads to minimization of the energy-buffering 
device, and is likely suitable to control of the matrix converter 

because it requires an extremely high-speed response in power 
management due to its particular circuit topology with no 
energy-buffering devices.   

This paper describes the DPC strategy applied to the matrix 
converter, and presents the system configuration and 
performances, which includes a theoretical aspect of the 
proposed control strategy, a feasibility study through 
computer simulations and real performance evaluation with a 
1.5-kW experimental setup.   
 

II. SYSTEM CONFIGURATION AND CONTROL 
ALGORITHM OF DPC BASED MATRIX CONVERTER 

 
A. Switching State of Matrix Converter 
 

The proposed DPC based matrix converter employs a 
virtual AC/DC/AC power conversion approach to determine 
the switching state of the matrix converter at every moment.  
This approach divides the matrix converter into two parts, i.e., 
a virtual front-end AC/DC rectifier and a virtual DC/AC 
inverter, and synthesizes the switching state of the matrix 
converter from the both switching states of the virtual rectifier 
and the virtual inverter.   

Fig. 1 illustrates a matrix converter, where va, vb, and vc are 
input voltages from the utility power source and vu, vv, and vw 
are output voltages to the load.  The relationship between the 
input voltages and the output voltages can be expressed as (1), 
using a set of switching states of the matrix converter.   
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In the above equation, each switching state takes a value of 
either “1” or “0”, according to the “ON” or “OFF” state of 
each bidirectional device, respectively.   

On the other hand, an AC/DC/AC power conversion system 
composed with a three-phase PWM rectifier and a three-phase 
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Fig. 1. Simplified circuit diagram of matrix converter.   
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PWM inverter is depicted in Fig. 2, where vdcp and vdcn 
represent a high-side voltage and a low-side voltage of the 
rectifier output with respect to a neutral point of the DC bus.  
Therefore, the output voltages of the rectifier are expressed as 
(2), using its set of switching states.   
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In a similar manner, the relationship between the output of the 
inverter and the DC bus voltages can mathematically be 
described as (3).   
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By substituting (2) into the above equation, therefore, the 
output AC voltages to the load can be expressed as a function 
of the input AC voltages from the utility power source, using a 
product of two sets of switching state matrices as follows:   
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In order to obtain the same input-and-output relationship as 
shown in (4) with that of the matrix converter expressed by (1), 
the following equation must be held among the switching state 
matrices:   
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In the matrix converter shown in Fig. 1, it is necessary never 

to have short-circuit among power source terminals nor 
open-circuit at the output terminals because the load is 
regarded as an inductive component.  Therefore, a front end of 
the virtual AC/DC/AC power conversion system is 
necessarily a current-source type rectifier, while an output 
stage of the virtual AC/DC/AC power conversion system has 
to be a voltage-source type inverter.  The switching state of the 
actual matrix converter can be determined by (5) as if there are 
two independent conventional power converters to be 
controlled, i.e., the virtual current-source PWM rectifier and 
the virtual voltage-source PWM inverter.  Fig. 3 illustrates a 
block diagram of the matrix converter controller on the basis 
of the virtual AC/DC/AC power conversion system.  In this 
paper, a DPC based current-source PWM rectifier and a 
current-controlled voltage-source PWM inverter are 
introduced to satisfy the above requirements and to determine 
the switching state of the matrix converter at every moment.   
 
B. Control of DPC Based Virtual Current-Source PWM 
Rectifier 
 

The DPC technique is applied to the virtual current-source 
PWM rectifier because of its extremely high-speed response 
in power management.  Fig. 4 indicates a block diagram of the 
direct power controller.  As shown in the figure, instantaneous 
active power P and instantaneous reactive power Q are 
calculated from the voltages and the currents of the utility 
power source.   
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where vα and vβ are two-phase voltages and iα and iβ are 
two-phase currents obtained by the following coordinate 
transformations:   
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In general, a current-source PWM rectifier requires an input 
LC filter, which may cause current waveform distortions due 
to the LC resonance.  Therefore, it is necessary to dump the 
LC resonance with a power feedback compensation, which is 
composed by differential elements kd.  This compensator adds 
a dumping factor to the transfer function between the AC 
power source and the DC bus of the virtual PWM rectifier.   

The instantaneous active power command P* is obtained 
from a product between the load power PL and a normalized 
virtual DC bus voltage as shown in (7).  The load power PL 
can simply be obtained from voltage commands and current 
feedback signals in the virtual inverter, while the normalized 
virtual DC bus voltage is derived from the detected 
power-source voltages.   
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Fig. 2. AC/DC/AC power conversion system.   
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Fig. 3. Virtual AC/DC/AC conversion based matrix converter control.   
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On the other hand, the instantaneous reactive power command 
Q* is provided from the outside of the controller, and is 
normally set at zero to achieve a unity total power factor 
operation.   

Control errors ∆P = P*−P and ∆Q = Q*−Q are quantized 
with hysteresis comparators, generating signals Sp and Sq.  A 
phase angle of the power-source voltage vector is also 
quantized to 6 sectors Θn as shown in Fig. 5, where α-axis and 
β-axis denote real and imaginary parts of the vector, 
respectively.  The quantized phase Θn is mathematically 

expressed as  

6 , ,2 ,1     )12(
6

)32(
6

LQ =−<Θ≤− nnn n
ππ .  ···················· (8) 

By using the quantized signals Sp, Sq and Θn, the most 
appropriate switching state of the virtual PWM rectifier is 
uniquely determined to restrict the control errors ∆P and ∆Q 
within the predetermined hysteresis bandwidth.  In order to 
achieve this relay control operation, an optimum switching 
state table shown in Fig. 6 is employed to select a unique 
optimum switching state of the virtual PWM rectifier, 
according to a combination of the quantized signals Sp, Sq and 
Θn.  In the table, a switching state “P” indicates that high side 
device is turned on and that low side device is turned off, and 
“N” indicates vice versa.  Another switching state “O” 
corresponds to a state that both of high- and low-side devices 
in a specific leg are simultaneously turned off, while “S” 
means a short circuit situation by turning on the high- and the 
low-side devices in one of the three legs at the same time.   

Since the DPC system is in principle based on a relay 
control algorithm, it is significant to investigate relationship 
between the switching state and behaviours of the 
instantaneous active and reactive power, i.e., time derivatives 
dP/dt and dQ/dt derived as functions of the switching state of 
the virtual PWM rectifier as follows:  
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In the above equations, Irms, IDC, θ, and Cf are an rms value of 
the power source current vector, virtual DC bus current, an 
argument of the power source voltage vector and a 
capacitance of the LC filter, respectively.   

According to polarities of the time derivatives dP/dt and 
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Fig. 4. Block diagram of direct power controller for virtual current-source 
PWM rectifier.   
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Fig. 5. Quantized phase of power-source voltage vector.   
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Fig. 6. Optimum switching state table and comparators for quantization.   
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dQ/dt solved as (9) and (10), one of the switching states of the 
virtual PWM rectifier can uniquely be determined to restrict 
the control errors ∆P and ∆Q within the hysteresis bandwidth, 
which leads to determination of the contents of the optimum 
switching state table.   
 
C. Control of Virtual Voltage-Source PWM Inverter 
 

Fig. 7 shows a block diagram of a controller for the virtual 
voltage-source PWM inverter with current minor loops.  As 
shown here, the inverter output voltage commands vu

*, vv
* and 

vw
* are obtained from control errors between the current 

feedback signals iu, iv, iw and their commands iu
*, iv

*, iw
*.  The 

voltage commands are converted to PWM signals with a 
sub-harmonic modulation technique, where three-phase 
triangular-wave signals are employed as a PWM carrier.  The 

PWM technique using the three-phase carrier does not 
generate zero-voltage vectors that cause a freewheeling mode 
among the three-phase load terminals; hence this approach 
guarantees continuity of the virtual DC bus current.  If there is 
an interruption in the virtual DC bus current for any reasons, a 
detrimental waveform distortion will appear in the input 
current of the virtual PWM rectifier.  To the contrary, while 
the virtual PWM rectifier generates a zero-current vector by 
making a short circuit across the virtual DC bus (a 
freewheeling mode), the virtual DC bus voltage becomes zero, 
which detrimentally affects the output of the virtual PWM 
inverter.  To minimize an effect of the interference, therefore, 
an exceptional treatment is given to the optimum switching 
state table and the virtual PWM inverter is prohibited to 
change its switching state when the short circuit occurs across 
the virtual DC bus.  This special restriction mode is easily 
detected from the control signals Sp and Sq of the virtual PWM 
rectifier.   

As described in the previous section, the load power PL is 
calculated to provide the virtual PWM rectifier with the 
instantaneous active power command P* as shown in (11).   

wwvvuuL ivivivP ∗∗∗ ++= .  ················································· (11) 

 
(a) Power source voltage, input current, output voltage, and load current 
waveforms.   
 

 
(b) Frequency spectrum of input current.   
 

 
(c) Frequency spectrum of load current.   
Fig. 8. Simulation result at 30-Hz and 1.5-kW output.   
 

TABLE I ELECTRIC PARAMETERS OF POWER CIRCUIT.   

Power source voltage 200 V, 50 Hz 
Input filter inductance Lf 2.7 mH 
Input filter capacitance Cf 20 µF 
Load 12.5 Ω, 3.7 mH 
Reactive power command 0 var 

 
(a) Power source voltage, input current, output voltage, and load current 
waveforms.   
 

 
(b) Frequency spectrum of input current.   
 

 
(c) Frequency spectrum of load current.   
Fig. 9. Simulation result at 100-Hz and 1.5-kW output.   
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III. COMPUTER SIMULATION RESULTS 

 
Computer simulations were conducted with PSIM software 

to investigate the basic operation performance of the proposed 
strategy.  The electric parameters of a power circuit used in the 
simulations are listed in TABLE I.  Fig. 8 and Fig. 9 show 
operation waveforms and frequency spectra of the input and 
the output currents at 30 Hz output and 100 Hz output, 
respectively.  In both cases, the load was 1.5 kW and the 
reactive power command was 0 var.  As is indicated in the 
figures, the unity total input power factor operation is 
achieved at the grid frequency of 50 Hz, and sinusoidal input 
current waveforms are confirmed in both test conditions.  In 
addition, the sinusoidal output currents are provided to the 
load at both commanded frequencies of 30 Hz and 100 Hz as 
well.  The FFT analysis results of the input and the output 
currents indicate that most of the harmonics is less than 1 %, 
which demonstrates excellent performance of the proposed 
strategy.   
 

IV. EXPERIMENTAL SETUP AND RESULTS 
 

A 1.5 kW prototype was developed to confirm 

experimentally feasibility and effectiveness of the DPC based 
control of the matrix converter.  The prototype has the same 
specifications and parameters used in the computer 
simulations.  Fig. 10 and Fig. 11 show experimental results 
obtained under the identical test conditions as those of the 
simulations.  As can be seen in these figures, the input current 
is in phase with the power source voltage and is controlled to 
be sinusoidal in both cases of the 30 Hz output and the 100 Hz 
output.  The measured frequency spectra of the input current 
include slightly larger harmonics than those of the simulation 
results, but few conspicuous peaks are observed over the wide 
range of frequency band in both cases.  On the other hand, the 
output currents are well controlled at the commanded 
frequency of 30 Hz and 100 Hz and have quite low harmonic 
spectra less than 1 %, which is confirmed by the current 
waveforms as well as the FFT analysis results.   

Fig. 12 and Fig. 13 show characteristics of the total input 
power factor and the total efficiency, respectively.  The 
maximum total input power factor was 99.9 % and the 
maximum total efficiency was 95.4 % under the conditions of 
both 30-Hz and 100 Hz output frequencies and 1.5-kW load.  
The frequency change of the output currents does not affect 
very seriously on the overall operation performance.  Fig. 14 
represents the total harmonic distortion of the output currents, 

 
(a) Power source voltage, input current, output voltage, and load current 
waveforms.   
 

 
(b) Frequency spectrum of input current.   
 

 
(c) Frequency spectrum of load current.   
Fig. 11. Experimental result at 100-Hz and 1.5-kW output.   

 
(a) Power source voltage, input current, output voltage, and load current
waveforms.   
 

 
(b) Frequency spectrum of input current.   
 

 
(c) Frequency spectrum of load current.   
Fig. 10. Experimental result at 30-Hz and 1.5-kW output.   
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which show the minimum value of 5.9 % was measured at 
1.5-kW rated load.  However, the total harmonic distortion 
characteristics become worse up to approximately 30 % as the 
load power is reduced.  Further performance improvement is 
expected in the light-load range in the future works.   
 

V. CONCLUSION 
 

This paper proposed a novel control strategy of a matrix 
converter, which featured direct control of the instantaneous 
active and reactive power on the basis of a relay (bang-bang) 
control algorithm.  A theoretical aspect of the proposed 
technique was discussed prior to the computer simulations and 
experimental tests.  By using a 1.5-kW experimental set up, 
excellent controllability of the input current was confirmed, 
resulting in 99.9-% total input power factor and low input 
harmonics less than 1 % regardless of the output frequency.  
Also, well-controlled output currents were observed at the 
desired frequency independently of the fixed utility power 
source frequency.  As a result, the maximum efficiency of 
95.4 % was accomplished at the rated load of 1.5 kW through 
the experiments.  Even assuming that both of the conventional 
PWM rectifier and the PWM inverter have 95 % efficiency, 

the total efficiency of such an AC/DC/AC power conversion 
system can achieve nearly 90-% efficiency at most.  From the 
viewpoint of the total efficiency between the AC power source 
and the AC load, however, the proposed system has a great 
advantage over the conventional system, which is the most 
attractive point.   
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Fig. 12. Characteristics of total input power factor.   
 

 
Fig. 13. Characteristics of total efficiency.   
 

 
Fig. 14. Characteristics of total harmonic distortion of input current.   

1877



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


