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ABSTRACT 
 

In this paper, pulse-width modulation (PWM) control strategy of various topologies of matrix converters is presented, 

which is based on direct duty ratio PWM (DDPWM). Because the DDPWM method has the characteristics of the inherent 

per-phase modular structure, it can be effectively applied to single-phase, two-phase and three-phase four-leg matrix 

converters as well as the common three-phase to three-phase matrix converter. Also, this paper treats command generation 

method in each matrix converter. The feasibility and validity of the proposed method are verified by experimental results.   
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1. Introduction 

  

Recently, matrix converters are getting more attention 

in ac-ac power processing systems that require smaller 

size, higher power density and easier maintenance 
[1-4]

. As 

well known, the matrix converters have attractive 

characteristics such as sinusoidal input currents, a 

controlled input power factor, regeneration capability as 

well as the basic function to produce magnitude-frequency 

controllable output voltages. 

The performance of matrix converters is strictly dependent 

upon the pulse-width modulation (PWM) strategy employed 

to control the bidirectional switches. Since the introduction of 

the matrix converter, various and numerous modulation 

methods have been developed to date. In [5] and [6], off-line 

global duty ratio functions are mathematically derived, which 

can be modulated by a carrier signal 
[5-6]

. This method 

requires a formidable amount of complex calculations in the 

stage of implementation. Space vector PWM (SVPWM) for a 

matrix converter explores a more systematic approach to 

understand the operation of the matrix converter 
[7-8]

. 

However, the SVPWM is far from intuitive and requires 

lookup tables with the previously initialized and stored 

switching patterns. 

Carrier based PWM may be the latest modulation 

strategy for matrix converters 
[9-11]

. The carrier based 

PWM will employ the carrier and reference signals and 

can be implemented without complex calculations and 

lookup tables. The method in [9], however, involves 

proper offset voltages and discontinuous carrier signals 

which imply relatively indirect understanding of 
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modulation processes. Also, the modulation algorithm 

suffers from additional complicated modification in order 

to get a maximum gain of 0.866. Moreover, this method 

can not be applied to matrix converter topologies with a 

neutral connection between input and output neutrals. 

In [10], a carrier based PWM strategy, called direct duty 

ratio PWM (DDPWM), is presented for the 3-phase to 

3-phase matrix converter, which dose not requires the 

reference offset and employs a continuous triangular 

carrier waveform. The desired output phase voltages can 

be synthesized by utilizing the input phase voltages based 

on per-output-phase average concept over one switching 

period, i.e., per-carrier cycle. A maximum gain of 0.866 

can be simply obtained by injecting third harmonic 

components to output voltage references in the three phase 

system. In [11], the DDPWM method is extended in order 

to apply it to the various matrix converter topologies such 

as 3-phase to single-phase matrix converters with single-leg 

or 2-leg, 3-phase to 2-phase matrix converters with 2-leg 

or 3-leg, 3-phase to 3-phase matrix converter with 4-leg. 

In this paper, a systematic method to generate the reference 

signals in various matrix converters is presented. Before the 

DDPWM is applied to synthesize the output voltages, the 

per-phase output voltage references should be given at each 

switching time. The global minimum of the input voltage 

range is used to determine the output voltage magnitude. The 

feasibility and validity of the proposed DDPWM method 

applied in various matrix converters will be verified with 

simulation and experiment results. 

 

2. Output Voltage Synthesis by DDPWM 

 

Fig. 1 shows a leg configuration to implement a matrix 

converter, which can be considered as a basic module to 

explain the DDPWM because the DDPWM was 

developed by using the concept of per-output-phase 

average over one switching period. In Fig. 1, MX, MD and 

MN denote the maximum, medium and minimum input 

phase voltages, respectively. During T1, the line-to-line 

voltage between MX and MN is used, which is the 

maximum line-to-line voltage among three line-to-line 

input voltages at the sampling instant. During T2, the 

second maximum line-to-line voltage that is the larger one 

in MX to MD and MD to MN, is used to obtain the output 
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Fig. 1.  A leg configuration for a matrix converter. 
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Fig. 2.  Switching state in the case of switching pattern-I and 

switching pattern-II. 

 

voltage. If MX-MD > MD-MN, MX to MD is used during 

T2 and the resultant switching pattern is named switching 

pattern-I. Otherwise, MD to MN is used during T2, and it is 

named switching pattern-II. 

Fig. 2 shows switching pattern-I and pattern-II for 

generating A-phase output voltage where a triangular 

carrier is compared with a duty ratio value, dA. The output 

phase voltage can be changed from MN→MX→MD for 

switching pattern-I and MN→MX→MD→MN for 

switching pattern-II. The four sub-intervals can be 

expressed as: 
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                           (1) 

 

where Ts is the switching frequency and n is defined by n 

=T1/Ts which involves the slope of the carrier. 
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It is found from Fig. 2 that the averaged value of voA, 

oAv , can be approximated by: 

 

 

 

0

1

for pattern-I

for pattern-II

sT

oA oA
s

A

A

v v dt
T

d n MN n MD MD MX MX

d MN n MX MD n MD n MX

n MD MD



      



 
      

  



 

(2) 

 

By letting oAv  be equal to the A-phase output voltage 

command, 
*
oAv , that is 

*
oA oAv v , the duty ratio value, dA, 

for the present switching period can be calculated as: 

 

   
   

   
   

*

*

       if  

( ) ( )
       if  

oA

A

oA

MX v
MX MD MD MN

MX MD n MD MN
d

n MX MD MD v
MX MD MD MN

n MX MD MD MN

 
  

  
 

  
     

  

(3) 

 

The gating signal of the bidirectional switches can be 

directly generated by considering Fig. 2. If the switching 

state of phase “A” is MX (or MD, MN), the output phase 

“A” is connected to the input phase whose voltage is MX 

(or MD, MN).  

It should be noted that, when driving the duty ratio 

value, dA, in equation (3), there was no consideration in 

the other leg’s switching state. This means that the 

multiple output phases can be separately controlled to 

follow their references. This fact results in modular 

structure of the DDPWM. Therefore, it can be concluded 

that one can produce easily the duty ratio dx, (x=1,2,…,m) 

for each phase in 3-phase to m-phase matrix converter 

with m-leg (See Fig. 3) as given by: 
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where *
oxv  (x=1,2,…,m) is the reference output voltages at 

x-phase. 
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Fig. 3.  Circuit configuration of a 3-phase to m-phase  

matrix converter with m-leg 

 

3. Generation of reference output voltage 

 

In this section, the method of producing a reference 

output phase voltage is addressed for various matrix 

converter topologies. A phase voltage is synthesized by 

using three input phase voltages and the output voltage vox 

is fallen into the following range. 

 

( ) ( ) ( )L ox UB t v t B t                         (5) 

 

where BL(t) and BU(t) are the input voltage lower bound 

and input voltage upper bond, respectively. Also, the 

magnitude of input range, IR(t), and the input range offset, 

IRoffset(t), can be expressed by: 

 

( ) ( ) ( )U LIR t B t B t                               (6) 

( ) ( )
( )

2

U L
offset

B t B t
IR t


                           (7) 

 

When the matrix converter has m-phase (m=2,3,…) 

output voltages, the input voltage range can be maximized 

by adding a common mode periodical term to increase the 

positive maxima and lower the negative minima. 

Fig. 4 shows the input range optimization process to 

increase the magnitude of the output voltages. In Fig. 4, all 

the waveforms are normalized with reference to the 

amplitude of the input phase voltages. As seen in Fig. 4, 

the width of input range fluctuates with the ripple 

frequency of 6fi where fi is the input frequency. Therefore, 

the possible range of the output voltage will have the 

maximum of 1.5. This means that, when considering only 

the input range optimization, the maximum amplitude of 

the output voltage can be 0.75 with reference to the 
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amplitude of the input phase voltages, Vs, and thus the 

input-to-output magnitude gain, q, is 0.75.  

On the other hand, as seen in Fig. 5, a common mode 

term can be added to lower the maxima of the output 

voltage upper bound and increase the minima of the output 

voltage lower bound, allowing for greater amplitude 

output phase-to-phase difference to fit into the input range. 

Applying only the input range optimization, the 

maximum magnitude of the output phase voltages is 

 

,max( . . )

3

4
o I R O sV V .                             (8) 
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Fig. 4.  Input voltage optimization. 
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Fig. 5.  Output voltage optimization. 

If the output range optimization is additionally applied, 

the maximum magnitude of the output phase voltages is 

more increased as follows: 

 

,max( . . )

6

3
o O R O oV V                              (9)  

 

where Vo is the output voltage amplitude before the output 

range optimization is applied. 

 

4. Application of DDPWM to various matrix 

converters 

 

4.1 3-phase to single-phase matrix converter 

Fig. 6 shows the circuit configuration of a 3-phase to 

single-phase 1-leg matrix converter with a neutral 

connection. As seen in Fig. 7, both input range 

optimization and output range optimization cannot be 

applicable because a common mode voltage cannot be 

canceled out. The reference output voltage, voA*, is  

 

 * cosoA s ov q V t                              (10) 
 

As far as the maximum voltage conversion ratio, qmax, is 

concerned, it is limited to 0.5 
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Fig. 6.  Circuit configuration of a 3-phase to single-phase 

matrix converter with single-leg. 
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Fig. 7.  Generation of reference output voltage in a 3-phase to 

single-phase matrix converter with 1-leg. 
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Fig. 8 shows the circuit configuration of a 3-phase to 

single-phase 2-leg matrix converter without a neutral 

connection 
[12]

. It should be noticed that the two output 

phases may be separately controlled to follow their 

references. Normally, however, the two output phase 

voltage commands for each leg are given by: 

 

   

   

*
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1
cos cos
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1
cos cos

4
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                (9) 

 

where voA* and voB* are the output phase voltage 

commands for A-phase and B-phase, respectively and ωi 

is the angular frequency of the input voltage. In this matrix 

converter, the input range optimization can be applicable 

but the output range optimization cannot be done. So, the 

maximum gain of q, qmax, is equal to 0.75 for each phase. 

 

4.2 3-phase to 2-phase matrix converter 

The 2-phase matrix converter may be suitable for 

two-phase loads, such as symmetrical two-phase induction 

motors or conventional single-phase machines with main 

and auxiliary windings 
[13-14]

.  

Fig. 9 shows a 3-phase to 2-phase matrix converter with 

a neutral connection which will support the unbalanced 

current in the output. The output voltage commands can 

be given by: 

 

 

 

*

*
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oB B s o

v q V t

v q V t



 

 

  
                         (10) 

 

where qA and qB are the voltage conversion ratios for the 

output A- phase and B-phase respectively and φ the 

displacement angle in the output phase voltages. It is 

worth noting that the maximum of qA and qB will also be 

0.5 due to the neutral connection. That is, 0< qA <0.5 and 

0< qB <0.5. Additionally, φ can be an arbitrary value 

because the DDPWM implies a per-output-phase 

modulation feature. 

Fig. 10 shows the circuit topology of a two-phase 

system including a 2-phase 3-leg matrix converter. The 

additional leg (SCa, SCb, SCc) can be utilized to support 

unbalanced load currents. This converter is capable of 

generating output waveforms with higher magnitude 

compared to the 2-phase 2-leg matrix converter. 

For the output phase voltage commands, input range 

optimization can be done. However, because the two 

phase outputs, voA and voB, may have an arbitrary phase 

difference, the positions of maxima and minima in the 

output phase voltage are not correlated so that the output 

range optimization cannot be applied.  
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Fig. 8.  Circuit configuration of a 3-phase to single-phase 

matrix converter with 2-leg. 
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Fig. 9.  Circuit configuration of a 3-phase to 2-phase matrix 

converter with 2-leg. 
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Fig. 10.  Circuit configuration of a 3-phase to 2-phase matrix 

converter with 3-leg. 
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As a result, output voltage commands for the three-leg 

matrix converter will be: 
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.                (11) 

 

For the 2-phase 3-leg matrix converter, 0< qA <0.75 and  

0< qB <0.75 to guarantee full range operation of . 

 

4.3 3-phase to 3-phase matrix converter 

Fig. 11 shows the circuit configuration of a common 

3-phase to 3-phase matrix converter. The DDPWM has 

been well developed to modulate this converter. The input 

current synthesis can be performed by properly adjusting n, 

while maintaining Ts at a constant value. In this matrix 

converter, both input range optimization and output range 

optimization can be applicable because all common mode 

voltages can be canceled out. Therefore, the three output 

phase voltage references can be expressed by: 

 

   

   

   

*

*

*

cos

cos 2 3

cos 2 3

oA s o

oB s o

oC s o

v q V t f t

v q V t f t

v q V t f t



 

 

  

   

   

                  (12) 

 

The sinusoidal output references ride on a common 

mode voltage, f(t), which is given by 

 

     
1 1

cos 3 cos 3
4 6

s i s of t V t q V t                  (13) 
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Fig. 11.  Circuit configuration of a 3-phase to 3-phase matrix 

converter with 3-leg. 
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Fig. 12.  Circuit configuration of a 3-phase to 3-phase matrix 

converter with 4-leg. 

 

Fig. 12 shows the circuit configuration of a 3-phase 

4-leg matrix converter. The DDPWM method can be used 

to modulate such a converter to generate three-phase 

output voltages/currents whose magnitudes are 

independently controlled. The 4-leg converter can be 

applied to drive any 3-phase loads, regardless of balanced 

and unbalanced loads. It can also be utilized in power 

conversion and generation systems with 3-phase 4-wire 

configuration 
[15]

. Because both input range optimization 

and output range optimization can be applicable, the 

output references are given by: 
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        (16) 

 

where qx = max(qA, qB, qC) and qx has a maximum of 

0.866.  

 

5. Experiment Results 

 

To verify the feasibility of the presented DDPWM 

methods for various matrix converter topologies, an 

experimental setup was built and the DDPWM controller 

was implemented using a TMS320VC33 DSP from Texas 

Instruments and an Altera CPLD (Manufacturer Part No:  

EP1K100QC208-1). Some of the hardware parameters are 

listed as follows: 
 

Vs-rms = 220 V, Cf = 60 μF, Lf = 100 μH, fi = 60 Hz, 

fs = 5 kHz, R = 20 Ω, L = 50 mH, 
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where Vs-rms is the rms value of the input line-to-line 

voltage and Cf and Lf are the input filter capacitance and 

inductance respectively and R and L are the per-phase 

resistance and inductance in load respectively and finally 

fs  is the switching frequency. 

Fig. 13 shows the experimental waveforms for the 

single-phase matrix converter seen in Fig. 6, where the 

voltage gain q is 0.5 and the output frequency fo = 90 Hz. 

Fig. 14 shows the experimental waveforms for the 

single-phase 2-leg matrix converter in Fig. 8. The output 

voltage command is given by (10), in which both qA and qB 

are 0.5 and fo = 90 Hz. As seen in the waveforms in Fig. 

13 and Fig. 14, the presented DDPWM method is able to 

modulate the single-phase matrix converter effectively. 

Fig. 15 shows the experimental waveforms for the 2-phase 

2-leg matrix converter (Fig. 9) under the conditions where 

φ = 90º, fo = 30 Hz, qA = 0.5 and qB = 0.3. Fig. 16 includes 

the experimental waveforms for the 2-phase 3-leg matrix 

converter (Fig. 10) under the conditions where φ = 90º, fo 

= 30 Hz, qA = 0.75 and qB = 0.5. The experimental 

waveforms in Fig. 15 and Fig. 16 confirm that the 

proposed DDPWM modulation strategy is capable of 

controlling a two-phase matrix converter with the desired 

voltage conversion ratios.  

Fig. 17 shows the steady state experimental waveforms 

of output line-to-line voltage voAB, output current ioA, input 

phase voltage vsa and input current isa for a common 

3-phase 3-leg matrix converter. The experimental 

conditions are q = 0.866 and fo = 40 Hz. In Fig. 17, isa 

shows a small phase difference with leading power factor 

because of the input filter. It can be confirmed that the 

proposed direct PWM method is able to effectively 

synthesize both the output voltage and input current under 

unit input power factor. 
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Fig. 13.  Experimental waveforms for single-phase single-leg  

matrix converter. (voA: 100 V/div, 5 ms/div; ioA: 1 

A/div, 5 ms/div) 
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Fig. 14.  Experimental waveforms for single-phase 2-leg matrix 

converter. (voAB: 100 V/div, 5 ms/div; ioA: 2 A/div, 5 

ms/div; ioB: 2 A/div, 5 ms/div) 
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Fig. 15.  Experimental waveforms for 2-phase 2-leg matrix 

converter. (voB, voB: 100 V/div, 10 ms/div; ioA, ioB: 1 

A/div, 10 ms/div) 
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Fig. 16.  Experimental waveforms for 2-phase 3-leg matrix 

converter. (voAN, voBN: 100 V/div, 10 ms/div; ioA, ioB: 2 

A/div, 10 ms/div) 
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Fig. 17.  Experimental waveforms for 3-phase 3-leg matrix 

converter. (voAB: 100 V/div, 10 ms/div; ioA: 2 A/div, 10 

ms/div; vsa: 50 V/div, 10 ms/div, isa: 2 A/div, 10 

ms/div) 
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Fig. 18 and Fig. 19 show experimental waveforms that 

reveal dynamic performance when fo is changed from 30 Hz 

to 90 Hz and vice versa, respectively. In Fig. 18 and Fig. 19, 

q remains 0.866. It can be seen from Fig. 18 and Fig. 19 that 

the A-phase output current ioA changed from 7 A to 4 A as 

theoretically expected. Because the three-phase R-L load is 

connected, the magnitude of the output current is decreased 

as the operating frequency increases. 

The experimental results for the 3-phase 4-leg matrix 

converter (Fig. 12) are shown in Fig. 20. The experimental 

conditions are fo= 30 Hz, qA = qB = 0.866 and qC = 0.5. It 

can be confirmed from the experimental waveforms that 

the DDPWM approach is an effective way to modulate the 

4-leg matrix converter. 

 

6. Conclusions 

 

In this paper, control strategy of various topologies of 

matrix converters is presented, which is based on the 

DDPWM. Because the DDPWM method has the 

characteristics of the inherent per-phase modular structure, 

it can be effectively applied to single-phase, two-phase 

and three-phase four-leg matrix converters as well as the 

common three-phase to three-phase matrix converter. Also, 

this paper treats command generation method in each 

matrix converter. The feasibility and validity of the 

proposed method has been verified by experimental results. 

Finally, it can be concluded that the presented method 

offers a very simple and effective way to modulate matrix 

converters. 
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Fig. 18.  Experimental waveforms for 3-phase 3-leg matrix 

converter when fo is changed from 30 Hz to 90 Hz. 

(voAB: 100 V/div, 10 ms/div; ioA: 2 A/div, 10 ms/div; 

vsa: 40 V/div, 10 ms/div, isa: 2 A/div, 10 ms/div) 
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Fig. 19.  Experimental waveforms for 3-phase 3-leg matrix 

converter when fo is changed from 90 Hz to 30 Hz. 

(voAB: 100 V/div, 10 ms/div; ioA: 2 A/div, 10 ms/div; 

vsa: 40 V/div, 10 ms/div, isa: 2 A/div, 10 ms/div) 
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Fig. 20.  Experimental waveforms for 3-phase 4-leg matrix 

converter. (voAN, voBN, voCN : 100 V/div, 10 ms/div; ioA, 

ioB, ioC : 2 A/div, 10 ms/div) 
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