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Abstract 
 

This paper presents a control method for reducing the current distortion in an indirect matrix converter (IMC) operating in 
boost mode under unbalanced input conditions. IMCs operating in boost mode are useful in distributed generation (DG) systems. 
They are connected with renewable energy systems (RESs) and the grid to transmit the power generated by the RES. However, 
under unbalanced voltage conditions of the RES, which is connected with the input stage of the IMC operating in boost mode, 
the input-output currents are distorted. In particular, the output current distortions cause a ripple of the power, which is transferred 
to the grid. This aggravates the reliability and stability of the DG system. Therefore, in this paper, a control method using 
positive/negative sequence voltages and currents is proposed for reducing the current distortion of both side in IMCs operating in 
boost mode. Simulation and experimental results have been presented to validate effectiveness of the proposed control method. 
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I. INTRODUCTION 

In recent years, the gradual depletion of energy resources 
and environmental pollution have become important issues. 
Accordingly, the demand for renewable energy systems 
(RESs) such as wind power and solar energy generation 
systems has rapidly increased and research on RESs is 
actively progressing [1]-[9]. 

A RES, by connecting it to the grid, can be used to supply 
the power. However, since the use of devices consuming 
electricity has increased, the electricity from RESs is not able 
to sufficiently satisfy electricity demands. Additionally, the 
electricity supply has become saturated due to social, 
geographical and environmental factors. In order to satisfy 
the electrical demands and to overcome these problems, 
research on distributed generation (DG) systems is being 
actively pursued [10]-[13]. 

DG systems supply required electricity from electricity 
generation facilities. They represent a power generation 
system using a distributed arrangement surrounding an area 
with electricity demands and having a small scale when 
compared with a centralized generation (CG) system [14]- 
[18]. Therefore, when compared with CG systems, DG systems 
have a reduced burden in terms of the production of large 
capacity electricity and they are able to utilize RESs. RESs 
cannot be directly connected to the grid due to mismatch of 
the voltage magnitude and frequency in the DG systems. In 
RESs, they are variable while those of the grid are constant. 
Therefore, power conversion devices are required to connect 
RESs with the grid in DG systems. In particular, RESs with 
generators, AC-DC-AC or AC-AC power conversion devices 
are required [19], [20]. 

In general, AC-DC-AC power conversion devices for 
RESs are used such as inverter systems with diode rectifier 
and back-to-back (BTB) converters. A common feature of 
these systems is they have a DC-link capacitor. The DC-link 
capacitor takes up a lot more room in these systems due to its 
bulky size. Additionally, it has inherent drawbacks such as 
low durability and a short lifetime [21]-[24]. 
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Some studies for removing DC-link capacitor have been 
carried out to deal with these disadvantages. An indirect 
matrix converter (IMC) is an AC-AC power conversion 
device, which can convert power without a DC-link capacitor. 
It is similar to the shape of a BTB converter [25]-[27]. It has 
advantages such as high durability and a small volume since 
there is no DC-link capacitor when compared with BTB 
converters. However, in the IMC, a maximum voltage transfer 
ratio is confined under 0.866. It always operates in buck 
mode, which is crucial drawback [28]-[34]. 

Since IMCs are operated in buck mode, their application is 
quite restricted. For example, small generation systems such 
as DG systems normally generate a lower voltage than the 
grid voltage level. This implies that an IMC is not appropriate 
for this system to transmit generated power to the grid. In 
order to sustain the advantages of an IMC and to apply it in 
the required voltage boost system, the IMC operating in boost 
mode has been researched with its configuration and control 
method [35], [36]. In [36], since the power direction of the 
RMC is opposite that of the IMC to enhance the voltage 
transfer ratio, an IMC operating in boost mode is a reverse 
matrix converter (RMC). The minimum voltage transfer ratio 
of the RMC is 1.155. The RMC consists of a voltage source 
rectifier (VSR) and a current source inverter (CSI) [37]-[39]. 
The input stage is connected by sources such as renewable 
energy systems with generator. The output stage is generally 
connected with the grid which has higher voltage than the 
input source voltage. 

In the RMC, the input power quality affects the output 
power quality directly because the it does not have a DC-link 
capacitor [40]. If unbalanced conditions occur in the input 
voltages, negative sequence components appear in the input 
currents. This induces a ripple in both the output power and 
the input power. In addition to unbalanced input conditions, 
harmonic issues also exist. When harmonics are included in 
the source voltages, the input currents also include harmonics. 
These harmonic occurrences in the input currents are also 
reflected in the output currents. This paper presents a control 
method for reducing the current distortion in the RMC (IMC 
operating in the boost mode) under unbalanced input 
conditions and for improving the output power quality by 
reducing the current harmonics. In the preliminary conference 
version of this paper [41], a control method for reducing 
current distortion was introduced. However, in [41], there 
was no explanation for the produced DC-link voltage or the 
zero DC-link current commutation. Most importantly, the 
block diagrams are not specific and practical verifications 
obtained by experimental results are not shown in that paper. 
Unlike [41], in this paper, explanations for the DC-link voltage 
and zero DC-link current commutations are added. In addition, 
the block diagrams are specified and practical verifications 
with the experimental results are presented. The effectiveness 
of the proposed control method is verified by simulation and 
experimental results. 

 
Fig. 1. Circuit configuration of the RMC. 

 

 
Fig. 2. Space vector diagram of a CSI. 

 

II. CIRCUIT CONFIGURATION AND MODULATION 

STRATEGY 

A. Circuit Configuration 

Fig. 1 shows a circuit configuration diagram of the RMC. 
It consists of a VSR and a CSI. The VSR is similar in shape 
to a conventional three-phase two-level inverter. Each leg of 
the VSR is composed of 2 complementary operated switches. 
The CSI is composed of 12 switches which are made up of 2 
bidirectional switches for the respective legs. In this system, 
the upper side switch of each leg is the common collector 
type and the lower side switch is the common emitter type. 
The input stage of a VSR is normally connected by an AC 
source with an L filter. The output stage of a CSI is connected 
by loads with an LC filter. 

B. Modulation of the CSI 

Fig. 2 shows a space vector diagram of a CSI, which is 
distinguished by six sectors. In this diagram, six active states 
and three null states exist depending on the switching states 
of the CSI. However, only six active states are used for 
modulation. Fig. 3 shows a produced DC-link voltage, which 
is formed by using six active states. It is a composite of two 
line-to-line voltages. They are the largest and second largest 
magnitudes of the output stage. In the active states, the power 
generated from the input stage is transferred to the output 
stage. In the null states, unlike the active states, the DC-link 
voltage is shorted to zero. 

In Fig. 2, when a reference current vector is located in 
sector 0, it is reproduced by synthesizing the nearest two 
vectors such as CS1 and CS6. At this time, the upper switch 
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Fig. 3. Produced DC-link voltage. 
 
of the R-phase (SRp) maintains the ON state during the whole 
switching cycle. Therefore, an upper DC-link is connected 
with the R-phase voltage of the output stage. Additionally, 
since the two lower switches (SSn and STn) operate depending 
on calculated active duty ratios, a lower DC-link is alternately 
connected with the S-phase and T-phase voltage of the output 
stage depending on the switching state of the two lower 
switches. It is necessary to mathematically calculate the 
active duty ratios in order to realize the described modulation 
method. The respective reference phase currents of the CSI 
are represented as: 

       (1) 

where Im is the phase current amplitude and θx (x = R, S, T) is 
the respective phase angle. From (1), by using the feature 
where their sum is zero, the active duty ratios (dx and dy) are 
derived as: 

    (2) 

In addition, it is obvious that an average fictitious DC-link 
voltage (VDC(av)) must be calculated for VSR modulation. This 
is expressed by multiplying the active duty rations (dx and dy) 
and line-to-line voltages (VRS and VRT) of the output stage as: 

    (3) 

where Vm is a phase voltage magnitude, and ϕo is the power 
factor of the output stage. This analysis is equally applied 
when the current vector is placed in other sectors. 

C. Modulation of the VSR 

Fig. 4 shows a space vector diagram of the VSR. There are 
two null states (VS0 and VS7) and six active states (VS1 ~ 
VS6). The null states are realized by turning on either all of 
the upper (SAp, SBp, SCp) or all of the lower switches (SAn, SBn, 
SCn) of the VSR. In the null states, a short circuit is formed in 
the VSR, and power is not transmitted to the CSI from the 
VSR. In these states, magnetic energy is charged in the input 
filter inductors (Lin). Simultaneously, as shown in Fig. 5, a 
zero DC-link current commutation is performed in the CSI. 

 
Fig. 4. Space vector diagram of a VSR. 
 

 
Fig. 5. Zero DC-link current commutation. 
 
During the active states, the charged power of Lin is 
transmitted to the output stage. As a result, the voltages of the 
output filter capacitors (Cout) exceed the source voltages. 

VSR modulation is performed based on three-phase 
reference voltages, which are calculated by using dx, dy and 
VDC(av). As a result, DC-link compensation is accomplished 
and sinusoidal currents can be produced. In addition, the 
modulation signals of each phase are divided into two 
modulation signals, which are represented as: 

   (4) 

where Vj
* (j = A, B, C) is the respective reference phase 

voltage, and Voffset is the offset voltage for extension of the 
modulation index. 

 

III. PROPOSED CONTROL METHOD FOR REDUCING 

CURRENT DISTORTION 

A. Positive/Negative Sequence Voltages and Currents 

The input-output currents are distorted under unbalanced 
input conditions of the RMC for DG systems. In particular,  
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(a) 

 
(b) 

Fig. 6. Block diagrams for classification. (a) Positive sequence 
voltages and currents. (b) Negative sequence voltages and currents. 

 
distorted output currents deteriorate the reliability and stability 
of DG systems. Therefore, an additional control method is 
required for reducing the output currents distortion. Distorted 
currents can be classified into positive/negative sequence 
currents. In this paper, a control method for reducing output 
currents distortion using them is proposed. 

Fig. 6 shows a block diagrams for the classification of the 
positive/negative sequence voltages and currents. The positive 
(VA

p, VB
p, VC

p) and negative sequence voltages (VA
n, VB

n, VC
n) 

of the input stage are classified by using a symmetrical 
coordinates method under unbalanced input conditions of the 
RMC. Additionally, this classification method can also be 
applied in the currents of the input stage. 

The symmetrical coordinates method for detecting the 
positive/negative sequence voltages and currents was also 
used in [42], [43]. However, unlike the application used in 
this paper, the symmetrical coordinates method is used for 
detecting them under unbalanced grid voltage conditions in 
the output stage of an IMC in [42] and a wind turbine system 
with a doubly fed induction generator (DFIG) in [43]. 

B. New Reference Currents 

In a RES under unbalanced input conditions, the complex 
power has AC components due to distorted currents with 
negative sequence currents. Therefore, those AC components 
should be removed to reduce the currents distortion. The 
input complex power of the RMC is expressed in the 
synchronous reference frame (d-q axis) as: 

   (5) 

where Vdq
p, Vdq

n, Idq
p and Idq

n are positive/negative sequence 
voltages and currents. The complex power consists of active 
and reactive power as: 

        (6) 

where P0 and Q0 are the DC components and Pcos, Psin, Qcos 
and Qsin are the AC components oscillating to two times the 
input frequency. These components, excluding Qcos and Qsin, 
are represented by using Vdq

p, Vdq
n, Idq

p and Idq
n as: 

       (7) 

In (7), P0 and Q0 can be represented by using the input active 
(Pin) and reactive power (Qin), respectively. Additionally, in 
order to remove the AC components of the active power, Pcos 
and Psin are substituted to zero. As a result, the new reference 
currents for removing the AC components can be calculated 
as: 

    (8) 

Meanwhile, under balanced input conditions, each of the 
active and reactive reference powers of the input stage can be 
represented with the reference currents as: 

            (9) 

Finally, by substituting (9) into (8), the new reference 
currents for removing AC components composed of positive/ 
negative sequence components can be calculated as: 

 (10) 

As a result, the new reference currents lead to a balanced 
complex power that causes a reduced current distortion. 
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Fig. 7. Control block diagram of the RMC. 
 

 

Fig. 8. Control block diagram of the proposed control method. 

C. Proposed Control Method of the RMC Under 
Unbalanced Input Conditions 

Fig. 7 shows a control block diagram of the RMC under 
unbalanced input conditions. The three-phase currents (IR, IS, 
IT) of the CSI stage are transformed into the d-q axis using 
the phase angle (θout) of the loads. The d-q axis currents (Ide.out 
and Iqe.out) of the CSI stage are controlled to reference currents 
(I*

de.out and I*
qe.out) using a proportional-integral (PI) controller. 

The controller outputs (I*
de.in and I*

qe.in) determine the active 
duty ratios (dx and dy) for commutation of the CSI. In addition, 
the switches are operated by the modulation method. The 
three-phase currents (IA, IB and IC) of the VSR stage are 
controlled by using the proposed control method. 

Fig. 8 shows a control block diagram of the proposed control 
method. The classification of positive/negative sequence 
voltages and currents is implemented as shown in Fig. 6. 
Under unbalanced input conditions, the new reference currents 
(Idq

p* and Idq
n*) are calculated in (10). Finally, the positive/ 

negative sequence currents (Idq
p and Idq

n) are controlled to Idq
p* 

and Idq
n* with PI controllers, respectively. The outputs (VABC

*) 
of the PI controller are modulated using (4), and the switches 
are operated by carrier based PWM. 

D. Control Method for Harmonics Reduction 

When harmonics are included in the input currents in the 
RMC for DG systems, they are also indicated in the output 
currents. Harmonics, including the output currents, aggravate 
the quality of loads. Therefore, regarding the input currents, a 
control method for harmonics reduction is required to 
improve the power quality. In particular, in the input currents,  

TABLE I 
SIMULATION PARAMETERS 

Variables Value 

Input line-to-line voltage 200 Vrms/30 Hz 

Output line-to-line voltage 380 Vrms/60 Hz 

Input L filter 5 mH 

Output LC filter 2 mH/15 μF 

Control period 100 μs 

 

 
Fig. 9. Simulation results of current control without the proposed 
control method under unbalanced input conditions. 
 
the 5th and 7th order harmonics should be properly dealt with 
because they are dominant. The input currents (Ide and Iqe) in 
the d-q axis, including harmonics, can be expressed by using 
a Fourier transform as in (11). In the stationary reference 
frame, the 5th and 7th order harmonics are expressed as the 6th 
order harmonics in the d-q axis. 

     (11) 

Therefore, the 5th and 7th order harmonics, including input 
currents, can be reduced to zero by using the control of the 6th 
order harmonics in the d-q axis. As a result, the quality of the 
output currents can be improved. 

 

IV. SIMULATION RESULTS 

In order to validate the effectiveness of the proposed 
control method, PSIM simulations were carried out. the 
simulation parameters are listed in Table I. 

Fig. 9 shows simulation results of current control without 
the proposed control method under unbalanced input conditions. 
Figs. 9(a) and 9(b) show the three-phase input voltages (VA,  
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Fig. 10. Simulation results of current control with the proposed 
control method under unbalanced input conditions. 
 
VB, VC) and currents (IA, IB, IC), and Fig. 9(c) shows the 
three-phase output currents (IR, IS, IT). In Fig. 9, the output 
d-q axis currents are controlled to 0 A and 10 A depending on 
the output reference currents. From 0.4 s, the amplitude of the 
B-phase voltage (VB) is decreased to half of the other phase 
voltages (VA and VC). In the same scenario as that of Fig. 9, 
Fig. 10 shows simulation results of current control with the 
proposed control method under unbalanced input conditions. 
The proposed control method is applied for reducing current 
distortion in Fig. 10. In Fig. 9, the input- output currents are 
distorted under unbalanced input conditions. Unlike Fig. 9, in 
Fig. 10, the distortion of the input-output currents is reduced 
by the proposed control method. 

Fig. 11 shows simulation results of harmonics reduction in 
the input-output currents under balanced input conditions 
using the proposed control method. Fig. 11(a) shows three 
-phase input voltages including the 5th and 7th order harmonics. 
Figs. 11(b) and 11(c) show three-phase input-output currents, 
respectively. It can be seen that both currents are distorted 
due to harmonics of the input voltages. From 0.4 s, the 
proposed control method is applied in the input currents. As a 
result, it can be confirmed that the harmonic characteristic is 
improved and that the input-output currents become closer to 
sinusoidal waves. 

Fig. 12 and Fig. 13 show FFT and THD analyses depending 
on the application of the proposed control method for 
harmonics reduction. Fig. 12(a) and Fig. 13(a) show a FFT of 
the input voltage and current in the A-phase. Fig. 12(b) and 
Fig. 13(b) show a THD analysis of the output current in the 
R-phase. In Fig. 13(a), it can be explicitly recognized that the 
5th and 7th order harmonics, including those in the A-phase 
current, have been reduced due to the proposed control 
method. In addition, the THD of the output R-phase current,  

 
Fig. 11. Simulation results of harmonics reduction in the input- 
output currents. 
 

 
Fig. 12. Graphs. (a) FFT of the input voltage and current without 
the proposed control method for reducing harmonics. (b) THD 
analysis of the output current. 
 
as shown in Fig. 13(b), has been improved over that of Fig. 
12(b), which is reduced to 4.27 % from 16.89 %. 

 

V. EXPERIMENTAL RESULTS 

In order to verify the effectiveness of the proposed control 
method, experiments have been performed by using the 
experimental setup shown in Fig. 14. The experimental setup 
is composed of a control board, a switched mode power 
supply (SMPS), a power board, gate driver units (GDUs), and 
voltage and current sensors. 
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Fig. 13. Graphs. (a) FFT of the input voltage and current with the 
proposed control method for reducing harmonics. (b) THD 
analysis of the output current. 

 

 
Fig. 14. Experimental setup. 

 
TABLE II 

EXPERIMENT PARAMETERS 

Variables Value 

Input line-to-line voltage 50 Vrms/30 Hz 

Output frequency 60 Hz 

Load resistor and inductor 30 Ω/2 mH 

Input L filter 5 mH 

Output LC filter 2 mH/15 μF 

Control period 100 μs 

 
Fig. 15. Experimental results of three-phase input currents under 
unbalanced input conditions. 

 

 
Fig. 16. Experimental results of three-phase output currents under 
unbalanced input conditions. 

 
The control board was fabricated by a digital signal 

processor (DSP) based on a TMS320C28346. The proposed 
control method for RMC drives and reducing current 
distortion is programmed on the DSP. Additionally, a field 
programmable gate array (FPGA) has been utilized because 
the DSP does not support enough PWM ports for the RMC. 
The FPGA is responsible for the transmission of PWM 
signals to the GDU in accordance with signals from the DSP. 
In addition, the power board consists of VSRs and CSIs using 
silicon carbide (SiC) MOSFETs and GDUs. 

All of the experiments have been carried out under R-L 
load conditions, and the output d-q axis currents have been 
controlled to 0 A and 2 A depending on the output reference 
currents. The experiment parameters are listed in Table II. 

Fig. 15 and Fig. 16 show experimental results of three-phase 
input-output currents under unbalanced input conditions, 
respectively. From the center of the waveforms, the input 
B-phase voltage decreases to 70 % of the other phase voltages. 
This induces voltage drops at the input line-to-line voltages 
VAB and VBC as indicated in the waveforms. As a result, the 
three-phase input-output currents are distorted. 

Fig. 17 and Fig. 18 show experimental results of three- 
phase input-output currents with the proposed control method 
under unbalanced input conditions. Although the unbalanced 
input condition is identical to that of Fig. 15 and Fig. 16, the  
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Fig. 17. Experimental results of three-phase input currents with 
the proposed control method under unbalanced input conditions. 

 

 
Fig. 18. Experimental results of three-phase output currents with 
the proposed control method under unbalanced input conditions. 

 
distortions of the three-phase input-output currents are reduced 
due to the proposed control method. When compared with the 
THD of the input B-phase current in Fig. 15, that in Fig. 17 is 
decreased to 4.4 % from 7.8 %. Additionally, in Figs. 16 and 
18, the THDs of the output three-phase currents are similar. 
As can be seen in Fig. 18, the three-phase output currents are 
in balance, which means the output power is also the same. 

The harmonic issues mainly come from two elements, 
which are the deadtime of the converters and the inherent 
harmonics contained in the voltages. In this experiment, the 
deadtime of the RMC has been configured as 1.66 μs. In 
addition, the 5th and 7th order harmonics of the input 
fundamental frequency have been injected into the input 
voltages to simulate the harmonic issue of the grid. Each of 
injected harmonics are 5 % and 2 % of the fundamental 
frequency. 

Fig. 19 and Fig. 20 show experimental results of waveforms 
and FFT analysis of three-phase input-output currents without 
the proposed control method when the proposed harmonic 
control method is not applied. In Fig. 19, the 5th and 7th order 
harmonics are dominant in the FFT analysis, and the input 
phase current has deteriorated because of both harmonics. In 
Fig. 20, it can be noticed that the 2nd and 4th order harmonics 
of the output fundamental frequency appear in the output phase 
currents. This results from the input 5th and 7th order harmonics. 

 

Fig. 19. Experimental results of the three-phase input currents 
without the proposed control method. (a) Waveforms. (b) FFT 
analysis. 

 

 

Fig. 20. Experimental results of the three-phase output currents 
without the proposed control method. (a) Waveforms. (b) FFT 
analysis. 

 

 

Fig. 21. Experimental results of the three-phase input currents with 
the proposed control method. (a) Waveforms. (b) FFT analysis. 

 
In the same scenarios as those of Fig. 19 and Fig. 20, the 

proposed harmonic control method is applied in Fig. 21 and 
Fig. 22. It can be seen that the 5th and 7th order harmonics of 
the input fundamental frequency have been reduced in the 
input phase currents. Additionally, the 2nd and 4th order 
harmonics of the output fundamental frequency have been 
reduced in the three-phase output currents. When compared 
with the THD of the input three-phase currents in Fig. 19, 
that in Fig. 21 is decreased to 3.7 % from 6.9 %. Additionally,  
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Fig. 22. Experimental results of the three-phase output currents 
with the proposed control method. (a) Waveforms. (b) FFT 
analysis. 

 
in Figs. 20 and 22, the THD of the output three-phase 
currents is decreased to 2.7 % from 3.1 %. 
 

VI. CONCLUSIONS 

The input-output currents are distorted under the 
unbalanced input conditions of the RMC for a DG system. In 
particular, the output current distortion aggravates the reliability 
and stability of the system. Therefore, in this paper, a control 
method using positive/negative sequence voltages and currents 
is proposed for reducing the current distortion of both side in 
the RMC. Through the proposed control method, current 
distortion is reduced under unbalanced input conditions, and 
the output power is balanced. As a result, the reliability and 
stability of the DG system can be improved in that the 
balanced power is transferred to loads. Additionally, a 
proposed harmonic control method for harmonics reduction is 
presented to enhance the output currents quality. Simulation 
and experimental results have verified the effectiveness of the 
proposed control method. 
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