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Abstract—This paper proposes a control strategy for
reduction of current distortion in reverse matrix converter
(RMC) under unbalanced input conditions. In the
distributed generation (DG) system, the RMC is used to
transmit the power generated by renewable energy system
(RES) to the grid. If the voltage of the RES has unbalanced
conditions, the input and output currents of the RMC are
distorted. The distortion of the output currents especially
induces a ripple of power transmitted to the grid and it
deteriorates the stability and reliability of the DG system.
The proposed control strategy using positive and negative
phase-sequence components of voltage and current
reduces the distortion of both side currents of the RMC.
The effectiveness of the proposed control strategy for
reduction of current distortion is verified by simulation
results.

Keywords—Reverse Matrix Converter (RMC), unbalanced
input condtions, current distortion, positive and negative phase-
sequence components

L INTRODUCTION

Recently, renewable energy system (RES) has become an
important issue because of problems of environmental
pollution, gradual depletion of energy resources, and global
warming. The researches for the RES, which are wind power,
bioenergy, and marine energy are actively progressed [1], [2].
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The RES generates and supplies to power by connecting to the
grid. However, the electricity using the RES is not able to
sufficiently meet the electricity demands because the use of
devices that consume electricity is increased. The electricity
supply has become saturated because of environmental, social,
and geographical factors. In order to overcome these problems
and to meet the electrical energy demand, researches for
microgrids and distributed generation (DG) system are
progressed [3].

A centralized generation (CG) system is a method to supply
electricity generated from large power plants using thermal,
hydroelectric, and nuclear power. The electricity generated
from the CG system is supplied to homes and building through
the transmission and distribution network that is spread
throughout the country. The DG system is a method to supply
required electricity with electricity generation facilities in the
building. In other words, it means a power generation system
having distributed arrangement around demand area with a
small scale contrary to fundamental CG system with a large
scale. Since the DG system has less burden on the production
of large capacity electricity than the CG system, it is
advantageous to utilize the RES. In the DG system, it is not
possible that the RES is directly connected to distribution grid
because it has mismatches of the voltage magnitude and
frequency. Generally, the voltage magnitude and frequency of
the RES have variable value and those of the grid have fixed
value. Therefore, the DG system are required to proper power
convertors for connecting the RES to the grid. If the RES is
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Fig. 1. Circuit configuration of DG system using RMC.

978-1-5386-1180-7/18/$31.00 ©2018 IEEE

1299



cs 2
Ssp St Vs 3 Vs V2

CcSV3 3 2 [\ n7)
Ssp Sk

VS V-

Vs¥i

Sp San Srp, Ssn
CcSv4 5 6 CS V6

Stp Ssu VS Vs VS V6
csvs

(@) ®)
Fig. 2. Space vector diagrams of (a) CSI and (b) VSR.

composed of generators or turbines, AC/DC/AC or AC/AC
power convertors are required.

One of the fundamental AC/DC/AC converters is a back-
to-back (BTB) converter. The BTB converter has
disadvantages such as short lifetime, large volume, and low
durability because of bulky energy storage elements [4], [5]. In
order to overcome the drawback of the BTB converter,
researches for eliminating the energy storage elements of the
DC-link are progressed. The indirect matrix converter (IMC) is
one of the AC/AC converters without DC-link energy storage
elements. It has structure similar to that of the BTB converter.
The IMC has advantages such as small volume and high
durability because it does not have DC-link energy storage
elements [6], [7]. However, the IMC operates with an input-
output maximum voltage transfer ratio of 0.866, which is
critical drawback [8]. In other words, the IMC always operates
in buck mode.

In the DG system, if the power generated by the RES have
smaller magnitude voltage than that of the grid, the power
converters operating in the boost mode are required in order to
transmit the power to grid. The IMC operating in buck mode
cannot be used to transmit the power. In order to maintain
advantages of the IMC due to absence of the DC-link energy
storage elements and to have application in the DG system, the
topology and control strategy of the IMC operating in boost
mode have been researched [9]. It is called a reverse matrix
converter (RMC) because the power direction of the IMC is
reversed in order to improve the voltage transfer ratio of the
IMC. The RMC that reverses the input to the output in the IMC
has a minimum voltage transfer ratio over 1/0.866. The RMC is
composed of a voltage source rectifier (VSR) and current
source inverter (CSI). Therefore, in the DG system using the
RMC, the VSR and CSI of the RMC are connected by the RES
and the grid, respectively.

The power generated by the RES having low voltage
magnitude is directly transmitted by the RMC to the grid
without DC-link energy storage elements. If the RES generates
the three-phase voltage under unbalanced conditions, the
currents of the VSR and CSI stage, which are input and output
stage of the RMC, are distorted [10]. The distorted currents
have a bad influence on the grid. This paper proposes a control
strategy for reduction of the current distortion under
unbalanced conditions of the RES, which are connected by the
VSR stage of the RMC for the DG system. The effectiveness of
the proposed control strategy is verified by simulation results.

II.  CIRCUIT CONFIGURATION AND MODULATION STRATEGY

A.  Circuit Configuration

Fig. 1 shows overall circuit configuration of the DG system
using the RMC. The RMC is composed of VSR and CSI
through the fictitious DC-link. Each of VSR and CSI
respectively consist of 6- and 12-bidirectional switches. The
input stage of the RMC is connected with generator based on
RES. The output stage of the RMC is connected with three-
phase grid through filter inductors and capacitors which reduce
the current and voltage ripple of overall systems. The power
generated from the RES is transmitted to the three-phase grid
through the RMC.

B.  Modulation Strategy of the CSI

The space vector diagram of the CSI is shown in Fig. 2(a).
There are six active states and three null states. In the active
states, the fictitious DC-link voltage is produced by synthesized
two line-to-line voltages which are maximum and second
largest magnitudes of the three-phase grid. In this case, the
power generated from the RES is transmitted to the three-phase
grid across the fictitious DC-link. In the null states, the
fictitious DC-link voltage is shorted to zero.

A reference current phasor is reproduced using the nearest
two vectors in Fig. 2(a). If a reference current phasor belongs
to sector 1, it is formed using CS VI and CS V6. In this
instance, the upper switch of R-phase leg (Szy) is turned ON
during the full switching time, with the result that the upper
DC-link is clamped with R-phase voltage of the three-phase
grid. In contrast, the two lower switches (Ss., St) are
modulated using active duty ratios (d., dy) and thus the lower
DC-link is clamped with S-phase and T-phase alternately
depending on the switching state of the lower switches. The
active duty ratios for modulation of the CSI are derived as
follows. First of all, each reference phase current of the CSI
stage is represented as in (1).

I,=1,co86,, I,=1,cosb, I, =1, cosb,,

)
(6, =y, 6,=6,-27/3, 6, =6,—4r/3)
where I, is current amplitude and g, 0s and Oy are respective
phase angles. Secondly, since the sum of three-phase currents
are zero, the active duty ratios (d», d,) are calculated as in (2).

cosfy cosf, _

cos &, +cosé +cosd,. =0, —

cosf, cosf,

cos . ' ' @
dv:——S’ d’:
! cosd,

_cos6;
cosf,

Furthermore, an average fictitious DC-link voltage is
calculated by multiplying the duty ratios and line-to-line voltages
(Vgs, Vrr) of the three-phase grid. It is expressed as in (3).

Vicin =dVas +d Vig =1.5-(V,, / cos6;)-cosg,,

3)
(-m/6<6,<7/6)
where V,, is phase voltage amplitude and ¢, is output power
factor. The same interpretation can be applied to the reference
current phasor in other five sectors.
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Fig. 3. Detection block diagrams of (a) positive and (b) negative phase-
sequence components.

C. Modulation Strategy of the VSR

The modulation strategy of the VSR is similar to the
common two-level inverter. The space vector diagram of the
VSR is shown in Fig. 2(b). Depending on the switching states,
the space vectors are divided into two classes, which are six
active states and two null states. The null states, meaning the
zero vectors such as VS V0 and VS V7, occur by turning ON
either all upper (S4p, Sap, Scp) or lower switches (Sun, S, Scn)
of the VSR. The modulation of the VSR is performed by the
carrier based method after the Vpcw) is compensated to
produce sinusoidal input and output currents. The two
modulation signals (Vjwpper, Vidower) | j = 4, B, C) of each phase
are indicated as in (4).

14 =-2d Zﬁﬁﬁd
Spperyj=a.8.c = 54, ta,,
DC(av)
VotV .
_ J off
I/j(lower)\j:A,B,C =2d, - V__dy’ @)
DC(av)

(Vor/‘ = ‘[maX(VL Ve, Vo)+min(V,, Vy, VC*)] / 2).

where V;* (j = A, B, C) is reference voltage of the each phase
and Vy is offset voltage of the three-phase reference voltages.
Switching operation of the VSR is implemented by comparing
the two modulations with triangular carrier.

III. PROPOSED CONTROL STRATEGY FOR REDUCTION OF
CURRENT DISTORTION

A. Detection Method of Positive and Negative Phase-
Sequence Components

In the DG system using the RMC, input and output currents
of the RMC under unbalanced input conditions are distorted.

The distortion of the output currents especially deteriorates the
stability and reliability of the DG system. Therefore, a control
strategy for reduction of the output currents distortion is
required. This paper presents a control strategy using positive
and negative phase-sequence components in order to reduce the
output currents distortion.

The unbalanced voltages are composed of positive and
negative phase-sequence components. In addition, distorted
currents due to unbalanced input conditions contain negative
phase-sequence components. In this paper, each component of
the currents is controlled using the proposed control strategy to
reduce the current distortion. Since the proposed control
strategy requires to positive and negative phase-sequence
components of voltages and currents under unbalanced input
conditions, detections for the components are progressed
before applying the proposed control strategy.

In terms of input voltages of the RMC, the positive (V,
Ve, V#) and negative phase-sequence components (V.", V",
V") under unbalanced voltage conditions are obtained using
symmetrical coordinates method as shown in Fig. 3. Regarding
input currents, identical method can be applied.

B.  Calculation of New Reference Currents

The complex power generated from the RES has AC
components due to distorted currents containing negative
phase-sequence components under unbalanced voltage
conditions. In order to eliminate those AC components, in this
paper, the new reference currents are calculated. This process
leads to balanced complex power result in reduced current
distortion. The complex power of the input stage is represented
in the d-q axis synchronous frame as in (5).

3 . e ———
S =S 0he™ + Ve W™ + L™,

VISV + Ve, Vi =Vt jv), 5)
I

j4 :[j+jl:, I;q :I:}+jl;,

where Va/, Vi, Lif’, and Ig," are positive and negative phase-
sequence components of voltages and currents in the d-g axis
synchronous frame. The complex power is composed of active
power and reactive power as in (6).

P({t)=PF +P ,cosar)+ P, ,sin(2ar), 6
Q(t) = QO + QcosZ COS(ZQ)I) + QsinZ Sln(za)t) ( )

The active and reactive power consist of DC components
such as Py, Qp and AC components such as P2, Psinz, Qcos2,
and Qg vibrating to two times of the generator frequency. The
DC and AC components excluding of Q.2 and Qsinz are
represented using Vi, Vig", Lif’, and Iyg" as in (7).

B =(12) (Vi + VL + Vi + VL),
O, =(3/2)(V) 1) =V I, +V, I, +V, 1)), o
P, =(3/2) (W10 +V 17 +V I+ V)T,
Pos = (312) (V17 =V =V G+ VL),
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In (7), Peos2 and Pyy» are substitute to zero for eliminating
AC components of active power. Py and O are indicated by
input active and reactive power (P, Oin), respectively. The
new reference currents are determined as in (8).

1;* = 2 i: + ZVqP i*n’ 1= ZV;P i: - 2 ;’
3X )4 ! 3X 3y
) 4 L ) (S
Mo Zdpylag r=_Tep_ 4o (g
d 3X in 3Y Qm q 3X in 3Y Qm ( )

X =[0I+ |-[@y + 07 ],
Y=[@p @y |+ 0+ @) ] )

Each input active and reactive reference power, under
balanced voltage conditions, can be represented with reference
currents as in (9).

. 33X .

3y .
inzﬁ i Qi
q

o ®
q
By substituting (9) into (8), positive and negative phase-
sequence components of the new reference currents for
reduction of the current distortion can be obtained as in (10).

N N Za

__d — d
17 = et L 1] =1 =5 L
q . q ) (10)
e Vi Ve e Ve Vi
d n T qe de > q qe de
e e

C. Control Block Diagram of the RMC under Unbalanced
Input Conditions

A control block diagram of the RMC in the DG system
under unbalanced input conditions is shown in Fig. 4. In the
CSI stage, three-phase currents (I, Is, I7) are transformed to d-
q axis synchronous frame using phase angle (6,) of the three-
phase grid. The d-g axis synchronous frame currents of the CSI
stage (Le ous, Ige our) are controlled to reference current (I"ze our,
I"ye ou) using proportional-integral (PI) controller. After that,
the switching operation is performed by the modulation method
with (1) to (3). In the VSR stage, three-phase currents (14, /5,

'
=

Tisc” /
ABC/dge
New reference

7% T |current calculation
4ABC/dge
EJ

0, .
: al

Proposed block diagram

Fig. 5. Control block diagram of the proposed control strategy.

The control block diagram of the proposed control strategy
is shown in Fig. 5. The detection of positive and negative
phase-sequence components of the voltages and currents is
implemented in the Fig 3. The new reference currents (14",
I"") are calculated with (10) under unbalanced input
conditions. As a result, the positive and negative phase-
sequence components of the currents (luf, 14,") are controlled
to the new reference currents using PI controllers, respectively.
The controller outputs (V4sc") are modulated with (4) and the
switching operation is carried out by the carrier based PWM.

D. Control Algorithm for Reduction of Harmonics

A control algorithm for reduction of harmonics in the input
currents is required to improve the quality of power transmitted
to the three-phase grid from the RES. In the DG system using
the RMC, if harmonics are contained in the input currents of
the RMC, those are indicated in the output currents as well.
The harmonics of the output currents aggravate the quality of
three-phase grid. Particularly, since the 5 and 7% order
harmonics in the input currents are dominant, they must be
dealt with properly. The d-g axis synchronous frame input
currents (Zge, I4e) containing the harmonics can be expressed by
Fourier transform as in (11). The 5" and 7% order harmonics in
the stationary frame are represented as 6™ order harmonics in
the synchronous frame.

1, =1,{(1/5)-sin(6@r)+(1/7)-sin(6r)+-}, an

Ic) are controlled using the proposed control strategy. Iqe =1, {_1 + (1 / 5) -cos(6ar) — (1 / 7) -cos(6ar) +-- }
RES
Tan Lig Lr g~
Generator) ;i j_ ;i ~ Matrix converter § j o

Proposed
control strategy

I'a=0 |y

Modulation

tl

-/ qe_out

dgs/dge
(-)8

Overall control block diagram

Fig. 4. Control block diagram of the RMC in DG system under unbalanced input conditions.
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TABLE L SIMULATION PARAMETERS
Variables Value

Generator line-to-line voltage 150 Vi
Generator frequency 30 Hz

Grid line-to-line voltage 380 Vims
Grid frequency 60 Hz
Control period 100 us
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Fig. 6. Simulation results of current control under unbalanced input
conditions without proposed control strategy.
Va(Vy (V) Ve(V)
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Fig. 7. Simulation results of current control under unbalanced input
conditions with proposed control strategy.

The 5™ and 7™ order harmonics in the input currents can be
reduced through the control of 6" order harmonics in the
synchronous frame to zero, with the result that quality of the
output currents can be improved.

IV. SIMULATION RESULTS
The proposed control strategy was simulated using PSIM

software and the simulation parameters are described in Table 1.

Fig. 6 and Fig. 7 show simulation results of current control
under unbalanced input conditions. Figs. 6(a) and (b) show
input phase voltages and currents and Fig. 6(c) shows output

phase currents. Fig. 7 has a scenario similar to that of the Fig. 6.
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Fig. 8. Simulation results of control algorithm for reduction of harmonics
under balanced input conditions (a) Input 4-phase voltage. (b) Input 4-
phase current. (c) Output R-phase current.
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Fig. 9. (a) FFT analysis of the input A-phase voltage and current without
control algorithm for reduction of harmonics (b) Output R-phase current.
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Fig. 10. (a) FFT analysis of the input A-phase voltage and current with
control algorithm for reduction of harmonics (b) Output R-phase current.

However, in the Fig. 7, the proposed control strategy is applied
for reduction of the current distortion contrary to the Fig. 6. In
these simulation results, d-axis and g¢-axis current are
controlled 0 A and 5 A, respectively. From 0.5 s, the amplitude
of the 4-phase voltage is decreased to 75 V. In Fig. 6, under
unbalanced input conditions, input and output currents are
distorted. Contrary to Fig. 6, in Fig.7, the input and output
current distortion under unbalanced input conditions are
reduced by the proposed control strategy.
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In addition, the control algorithm for reduction of
harmonics was also simulated under balanced input conditions
as shown in Fig. 8. In case input A-phase current contains 5%
and 7" order harmonics, the output R-phase current is a non-
sinusoidal waveform because of the harmonics. The control
algorithm for reduction of harmonics is applied from 0.5 s and
the input and output currents are appeared as sinusoidal
waveform. Fig. 9(a) and Fig. 10(a) show FFT analysis of the
input A-phase voltage and current depending on the control
algorithm for reduction of harmonics. The 5% and 7" order
harmonics of the input 4-phase current are reduced as shown in
Fig. 10(a) compared with the harmonics as shown in Fig. 9(a).
Fig. 9(b) and Fig. 10(b) show the output R-phase current. The
THD of the output R-phase current is reduced from 19.38 % to
6.43 %.

V. CONCLUSIONS

In case the unbalanced voltage occurs in DG system using
the RMC, the input and output currents are distorted. As
proposed in this paper, the reduction of current distortion is
achieved under unbalanced input conditions. Since the output
current distortion is reduced using the proposed control
strategy, the output power transmitted to the grid is in balanced
conditions. Therefore, the stability and reliability of DG system
using RMC is improved in that the balanced power is
transmitted to the grid. Furthermore, additional control
algorithm for reduction of harmonics is also introduced to
enhance the quality of the output currents transmitted to the
grid. The simulation results have demonstrated the validity of
the proposed control strategy.
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