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Abstract— This paper proposes a dead-time compensation for 
a secondary side matrix converter with space vector modulation 
in order to improve waveform of the high frequency AC-linked 
matrix converter. The proposed system is constructed by back-
to-back configuration of two three-phase to single phase matrix 
converters and a high frequency transformer. In order to 
improve the waveform, the dead-time compensation for the 
primary side matrix converter has been proposed. However, the 
dead-time compensation for the secondary side matrix converter 
with space vector modulation based on virtual indirect control 
has not been discussed. In this paper, the dead-time 
compensation method for the secondary side matrix converter is 
revealed. As the result, it is confirmed that the average output 
voltage error between the command and measured voltage is 
reduced by 20% at low modulation index by adopting the dead-
time compensation. Finally, a 2-kW prototype is demonstrated by 
experiment. The efficiency and the input power factor at the 
maximum point were obtained by 91.4% and 0.997. Moreover, 
the input current total harmonic distortion (THD) is 5.65% at 2-
kW output power. 

Keywords—high frequency linked matrix converter; dead-time 
compensation; space vector modulation 

I.  INTRODUCTION 

Recently, the distributed power supplies which uses 
renewable energy source, such as wind turbine installed near 
the demand area are attracted. In such system, the commercial 
frequency transformers are used in terms of isolation and 
protection. However, the transformer at the commercial 
frequency is large [1].  

In order to reduce the volume and weight of the transformer, 
the high frequency transformer system using back-to-back 
converter system, which consists of a PWM rectifier, a high 
frequency inverter, a high frequency rectifier, and a PWM 
inverter, has been discussed. Nevertheless, this system is bulky 
owing to boost-up inductor and the DC capacitor to smooth the 
DC link voltage. In addition, an efficiency of the system is low 
because the power conversion time is many.  

On the other hand, the three-phase to single-phase matrix 
converter, has been proposed [2]-[6]. In this system, the 

advantages are the reduced size and long lifetime owing to the 
absence of an electrolytic capacitor and a boost-up inductor in 
comparison with the aforementioned back-to-back converter 
system. It is expected that the matrix converter is applied in 
renewable energy system such as wind power generation [7]-
[9]. Moreover, the carrier comparison modulation is adopted in 
this system [2]. 

However, according to the modulation method in [2], the 
number of switching during one carrier period is not optimized. 
On the other hand, a space vector modulation based on a virtual 
indirect control method has been introduced for the control 
strategy of the primary matrix converter [3]. The features of 
this control method are as follows: (i) the reduced number of 
switching in comparison with [2], (ii) simple control strategy, 
and (iii) a zero vector can be equally distributed during one 
control period.  

The authors proposed to adopt the space vector modulation 
based on the virtual indirect control method for the secondary 
side matrix converter previously [10]. Nevertheless, the 
commutation is required in an AC-AC direct converter. In 
particular, the dead-time error owing to commutation causes 
the input current distortion and the degradation of the output 
voltage control performance. The dead-time compensation for 
the primary side matrix converter has been discussed in order 
to improve the waveforms [3]. However, the dead-time 
compensation has not been adopted for the secondary side 
matrix converter.  

In this paper, the dead-time compensation method for the 
secondary side matrix converter is proposed to improve the 
waveforms and the output voltage control performance. The 
dead-time error of the secondary matrix converter depends on 
the sign of the output current and the vector area of the output 
voltage command. Thus, it is necessary to change the dead-
time compensation value by the sign of the output current and 
the output voltage command area.  

The remainder of this paper is organized as follows. In 
section II, the circuit structure and features of the conventional 
system and proposed system are described. In section III, 
control strategies for the primary and secondary side matrix 



converter are introduced. Then, the compensation method for 
the duty command of the secondary side matrix converter is 
referred to. In section IV, the dead-time compensation method 
for the secondary side matrix converter is explained and 
evaluated by simulation. Finally, the fundamental operation of 
the proposed system is demonstrated at 2-kW output power in 
experiment in section VI. In particular, the feasibility of the 
dead-time compensation method for the secondary side matrix 
converter is revealed by the experimental results. 

 

II. CIRCUIT TOPOLOGY  

A. Conventional high frequcency AC-linked converter 

Fig. 1 shows a conventional back-to-back converter system. 
This system is composed of a PWM rectifier, a single phase 
high frequency inverter, a high frequency transformer, a high 
frequency rectifier, and a PWM inverter. The size of the 
transformer can be reduced in comparison with a commercial 
transformer. Nevertheless, this system is bulky owing to boost-
up inductor and the DC capacitor to smooth the DC link 
voltage. In addition, the efficiency of this system is low 
because the power conversion time is many. 

 

B. High frequency AC-linked matrix converter 

Fig. 2 shows a proposed circuit using three-phase to single 
phase matrix converter and high frequency transformer. The 
proposed system can achieve high efficiency because the 
power conversion time is reduced in comparison with the 
conventional back-to-back converter system. Moreover, the 
volume and weight of the system are reduced owing to the 
absence of the electrolytic capacitor. For the reason, it is 
expected that the proposed system is applied to renewable 
energy fields such as a wind power conversion system. 

 

III. CONTROL STRATEGY 

Fig. 3 shows the control strategy of the proposed system. 
The single leg modulation is applied to primary side matrix 
converter control. On the other hand, in order to suppress the 
ripple current owing to the primary side matrix converter, the 
ripple compensation is applied to secondary side matrix 
converter control. In addition, the duty command T11, T21 and 
T21, T22 are calculated by space vector modulation based on 
virtual indirect control [11] [12]. However, the output voltage 
of the secondary matrix converter is distorted owing to the 
input voltage ripple. Thus, it is necessary to compensate the 
secondary duty command T21, T22 by the primary duty 
command in duty conversion.  Accordingly, the secondary duty 
command TA, TB, TC and TD are calculated from T11, T12, T21 
and T22. Next, the switching pulse is generated from the duty 
command and switching table. Finally, the pulse pattern of the 
primary matrix converter is decided by four-step voltage 
commutation [13]. On the other hand, the pulse pattern of the 
secondary matrix converter is decided by four-step or two-step 
current commutation. 

 

A. Virtual indirect control 

The control strategy of the matrix converter is complicated. 
In order to control the matrix converter simply, virtual indirect 
control is applied [14] [15]. In virtual indirect control, the 
switching functions of the primary and secondary side matrix 
converters are expressed as  
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Fig. 1.  Circuit configuration of conventional high frequency linked
converter using high frequency transformer. This system has the large
boost-up inductors and electrolytic capacitors as the drawbacks.  

 

 
Fig. 2. Circuit configuration of high frequency AC linked matrix
converter. The advantages of this system are high efficiency owing to less
conversion time and the reduced size owing to absense of the boost-up
inductor and electrolytic capacitor. 
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Fig. 3. Control block diagram of proposed system. A space vector
modulation based on virtual indirect control is adopted. The duty
commands of the secondary side matrix converter should be compensated
by that of primary side matrix converter owing to input voltage ripple.  
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Note that Sa1p, Sa1n, Sb1p, and Sb1n are the switching function 
of the virtual inverter in the primary side matrix converter. Sa2p, 
Sa2n, Sb2p, and Sb2n are the switching function of the virtual 
rectifier in the secondary side matrix converter. 

 

B. Primary side matrix converter 

Fig. 4 shows the vector diagram of a virtual rectifier in the 
primary matrix converter. It is noted that the fundamental 
vectors and the pulse patterns are determined from the area of 
the input current command [3]. Furthermore, the switching 
duty T11, T21, and Tz1 for the primary side matrix converter are 
expressed as 
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where vα and vβ, are the output voltage command vector of 
α and β element, and V1α, V1β, V2α and V2β are fundamental 
vectors of the α and β element. Table I lists the switching table 
for the primary side matrix converter. The switching state for 
the virtual rectifier in (1) is decided from Table I. 

On the other hand, the transformer voltage is generated by 
the virtual inverter. The switching function of the virtual 
inverter at the primary matrix converter is expressed as 
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The commutation is required in AC-AC direct converter. In 
particular, the dead-time error owing to commutation causes 
the input current distortion and the degradation of output 
voltage control performance [14].  

Fig. 5 shows the relationship between the output voltage 
command for primary side matrix converter and the dead-time 
error. It is difficult to compensate the dead-time error, which 
depends on the sign of the output current for primary side 
matrix converter and the input phase voltage. However, the 
dead-time error is dominated by the amount of the switching 
duty [3]. Thus, the dead-time error for the primary side matrix 
converter can be compensated as  
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Fig. 4. Vector diagram of virtual indirect rectifier. The switching 
state is shown side of the vector. The uses of the vector V1 and V2 is 
selected from the area of the input current command. 

 

TABLE I.  SWITCHING TABLE FOR THE PRIMARY SIDE MATRIX 
CONVERTER. 
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Fig. 5. Relationship between voltage command and dead-time error 
when the area of the input current command is “1” and the switching 
duty T21 is longer than T11.  



where Tdead is the dead-time compensation value.  

 

C. Secondary side matrix converter 

The switching duty T12, T22, and Tz2 for the secondary side 
matrix converter are expressed as 
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where vα and vβ, are the output voltage command vector of 
α and β element, and V1α, V1β, V2α and V2β are fundamental 
vectors of the α and β element. However, the output voltage is 
distorted because the secondary side transformer voltage 
includes the difference voltage levels owing to the input 
voltage ripple. To solve this problem, it is necessary to 
compensate the on-duty command of the secondary side matrix 
converter. 

Fig. 6 shows the duty compensation method for the 
secondary matrix converter. According to figure, Ta, Tb, Tc, Td, 
and Te which can divide to the several levels of output voltage 
of the secondary matrix converter, are expressed as 
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It is noted that T11, T22 and Tz2 are the duty command of the 
primary matrix converter. Additionally, da, db, dc and dd which 
is the duty command to obtain Ta, Tb, Tc, Td, and Te, are 
expressed as 
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Finally, the pulse patterns of the secondary circuit are 
generated by comparing these duties with the carrier. Table II 
lists the switching table for secondary matrix converter. In this 
method, the average current becomes constant during the each 
control cycle. Moreover, secondary matrix converter control is 
synchronized with the primary circuit control. 

 

IV. DEAD-TIME COMPENSATION FOR SECONDARY SIDE 

MATRIX CONVERTER 

The output voltage error owing to dead-time occurs 
according to Fig. 6. It is noted that the sign of U-phase and V-
phase load current are positive, and the sign of W-phase load 
current is negative. In addition, the output voltage is DC 
voltage. Accordingly, the dead-time error is difference among 
each duty owing to the load current. Thus, in order to reduce 
the average output voltage, it is necessary to compensate the 
dead-time error from each duty and output current. For 
example, the dead-time compensation is expressed in Area1 as 
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Fig. 6. The diagram of the carrier comparing modulation to control 
the secondary circuit and the dead-time error. The secondary 
transformer voltage (input voltage of secondary side matrix converter) 
includes the difference voltage level owing to input voltage. 

 

TABLE II.  SWITCHING TABLE FOR SECONDARY MATRIX 
CONVERTER. 

 
 

 



where, Tdead is the dead-time compensation value. Similarly, 
it is necessary to compensate the dead-time in other Area and 
sign of output current. Table III lists the dead-time 
compensation value for the secondary side matrix converter. 
According to Table III, the dead-time compensation value is 
not dominated by one of the output currents. This is because 
one phase switch is not operated owing to space vector 
modulation.   

 

V. SIMULATION RESULTS 

In this chapter, the validity of the dead-time compensation 
for the secondary side matrix converter is revealed by 
simulation. 

Fig. 7 shows the input and output waveforms of the 
proposed system without the dead-time in simulation. 
According to the result, the unity input power factor is obtained 
and the input current waveform is sinusoidal. In addition, it is 
confirmed that the proposed system can arbitrarily control the 
output frequency.  

Fig. 8 shows the enlarged waveforms. In order to confirm 
the dead-time compensation for the secondary side matrix 
converter, the simulation results without the dead-time 
compensation and with dead-time compensation are shown in 
Fig. 8(a) and Fig. 8(b). According to Fig. 8(a), the output line 
voltage is generated from the input voltage of the secondary 
side matrix converter. Moreover, zero vector occurs when the 
secondary transformer voltage level is changed because the 
distortion of the output voltage is suppressed owing to input 
voltage ripple. On the other hand, in Fig. 8(b), it can be seen 
that the zero vector is not reduced because the dead-time 
compensation is adopted. Thus, the output voltage error 
between the output voltage command and real output voltage 
does not occur, and the degradation of the control performance 
for the output voltage is prevented.   

Fig. 9 shows the average output voltage error characteristic 
against the modulation ratio in simulation in order to validate 
the dead-time compensation for secondary matrix converter. It 
is noted that the average output voltage with the dead-time 
compensation is compared with the output voltage, when there 
is no dead-time. Table IV lists the simulation parameters to 
confirm the validity of the dead-time compensation method for 
the secondary side matrix converter. As the result, the average 
output voltage error is reduced by 20% at low modulation ratio 
by adopting the dead-time compensation. Thus, it is expected 
that the control performance can be drastically improved at low 
modulation region. 

Fig. 10 shows the output voltage ripple characteristics 
based on the modulation index. In lower modulation index, the 
output voltage ripple ratio without the dead-time compensation 
method is 19% owing to dead-time error. On the other hand, 
the output voltage ripple ratio with the dead-time compensation 
method is reduced by 2%. It is confirmed that the output 
voltage ripple is not reduced by the dead-time compensation. 
This is caused by the commutation error while next switching 

is interrupted into current commutation [15]. In order to reduce 
the output voltage ripple, it is necessary to improve the 
commutation patterns. 

TABLE III.  DEAD-TIME COMPENSATION VALUE FOR SECONDARY 
MATRIX CONVERTER. 

 

 

 
Fig. 7. Operation waveforms of the proposed system without dead-time in
simulation. From the top of figure, the input voltage, input current, output
voltage (LPF), and output current are shown. In order to confirm that the
output frequency can be changed, the output frequency is set to 30 Hz.  

 



 

VI. EXPERIMENTAL RESULTS 

Finally, similar to the simulation results, the fundamental 
operation of the proposed system and the feasibility of the 
dead-time compensation for the secondary side matrix 
converter are revealed by experiment. 

Fig. 11 shows the operation waveforms of the proposed 
system at 2-kW output power by experiment. Table V lists the 
experimental conditions. A RL-load is used as the load. It is 
noted that the input and output voltage are 200 V, the dead-
time compensation for the secondary matrix converter is not 
adopted. In Fig. 11 (a), the input current waveform is distorted. 
This is because the voltage commutation is adopted to the 
primary side matrix converter. Thus, the short circuit occurs in 
the primary side matrix converter by detection error of the 
input voltage. In order to solve this commutation problem, the 
hybrid commutation, which combines the voltage commutation 
with the current commutation, is adopted [13]. 

Fig. 11(b) shows the enlarged waveforms in the steady state 
by experiment. It is noted that the sign of the output voltage 
command is used instead of the output current in order to adopt 
the current commutation in the secondary side matrix converter. 
Similar to the simulation result, in order to suppress the output 
voltage ripple owing to difference level of the secondary side 
transformer voltage, the zero vector occurs. However, the zero 
vector has delay owing to dead-time. Furthermore, when the 
sign of the secondary side transformer voltage is changed, the 
negative output line voltage occurs. This is because of the 
dead-time error of the primary side matrix converter. The 
primary side transformer voltage is not zero because the current 
flows in free-wheeling diode. Moreover, the input power factor 
is almost unity and the input current waveform is sinusoidal. 
Thus, the fundamental operation at rated power is confirmed by 
experiment. 

  
Fig. 9. Average output voltage error characteristic against modulation
ratio in simulation. The average output voltage error is reduced with the
dead-time compensation for secondary side matrix converter. In particular,
as modulation index is 0.1, the average output voltage error is reduced by
20%. 

TABLE IV.  CALCULATION PARAMETERS FOR SECONDARY SIDE DEAD-
TIME COMPENSATION. 

 

Fig. 10. Output voltage ripple characteristics based on modulation index.
The output voltage ripple is not reduced with the dead-time compensation
method. This is because the dead-time error is changed when next
switching is interrupted into current commutation.  

TABLE V.  EXPERIMENTAL CONDITIONS. 

 

 
Fig. 8. Enlarged waveforms without dead-time compensation and with 
dead-time compensation for secondary side matrix converter. The dead-
time is set to 1us. The primary side matrix converter is operated without
the dead-time. 



Fig. 11(c) shows the spectrum of the input current at rated 
output power. According to the result, the large harmonic 
component of the input current does not occur owing to the 
input phase voltage ripple. Thus, it is confirmed that the duty 
command of the secondary side matrix converter can be 
compensated by the input voltage ripple. 

Fig. 12 shows the efficiency and input power factor 
characteristics for the output power. The dead-time 
compensation is adopted in the secondary side matrix converter. 
Accordingly, the efficiency and input power factor at the 
maximum point are 91.4% and 0.997, respectively. In 
particular, the switching loss of the secondary side matrix 
converter dominates the converter efficiency. This is because 
the switching time of the secondary side matrix converter is 
twice of the primary side matrix converter, and the input 
voltage of the secondary one is higher owing to the transformer. 
In addition, all of the switching is the hard switching. Thus, to 
increase the efficiency of the proposed system, zero voltage 
switching is adopted to the secondary side matrix converter.  

Fig. 13 shows the input current THD characteristic. It is 
noted that the dead-time compensation is applied to only 
primary side matrix converter. According to the result, it is 
accomplished that the input current THD is 6% or less. Thus, 
the proposed circuit can be connected to a grid owing to low 
input current THD. However, the input current THD is 
increased when the output power increases. This is caused by 
the dead-time error of the secondary side matrix converter. For 
this reason, it is necessary to compensate the dead-time error to 
reduce the harmonic components all of region. 

Based on these results, the fundamental operation and 
validity of the dead-time compensation for the secondary side 
matrix converter can be revealed. It is expected that the control 
performance of the output voltage is improved by the dead-
time compensation method. 

 

VII. CONCLUSION 

This paper proposed the dead-time compensation for a 
secondary side matrix converter in high frequency AC linked 
matrix converter with a space vector modulation based on 
virtual indirect control. The dead-time error of the secondary 
side matrix converter depends on the output voltage command 
area and the sign of the output current. Moreover, the dead-
time compensation value is not dependent on one of the output 
current. This is because one phase switch is not operated owing 
to space vector modulation. Based on the conditions, it was 
necessary to compensate the dead-time error for the secondary 
side matrix converter. As the result, the average output voltage 
was improved by 20% at low modulation index by adopting the 
dead-time compensation in the simulation.  

Furthermore, a 2-kW prototype of the high frequency AC 
linked matrix converter was demonstrated by experiment. It 
was confirmed that unity power factor and sinusoidal 
waveform of the input current are obtained. In particular, the 
input current THD is 5.65% at 2-kW output power. Moreover, 
the efficiency and the input power factor at the maximum point 
were obtained by 91.4% and 0.997. On the other hand, the 
validity of the dead-time compensation was confirmed by 

experiment in terms of reducing the average output voltage 
error. Accordingly , the average output voltage error could be 
reduced by adopting the dead-time compensation for the 
secondary side matrix converter. Thus, the dead-time 
compensation could improve the output voltage control 
performance.  

In future works, the dead-time compensation for the 
secondary side matrix converter will be validated by 
experiment. Moreover, the total efficiency will be increased by 

 
(a) Entire waveforms. 
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(c) Spectrum of input current. 

Fig. 11. Fundamental operation of proposed system at rated power by
experiment. In order to obtain 200-V output line voltage, the modulation
index of the secondary side matrix converter is set to 0.86.  



adopting a zero voltage switching for the secondary side matrix 
converter. 
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Fig. 12. Efficiency and input power factor characteristics for output power.
The output voltage is 200V constantly by adjusting the modulation index

  

 

Fig. 13. Input current THD characteristic against output power. The input
current THD is 5.65% at rated output power.  

 
 


