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Optimization of an Input Filter for a Three-
Phase Matrix Converter

G.BOZTAS

Abstract— This study includes an optimization of the input
filter for three-phase matrix converters. An input filter effects on
the power factor while improving the Total Harmonic Distortion
(THD) of the input current. Unity power factor being one of the
most important advantages of matrix converters will be
eliminated if this is not taken into consideration. For this reason,
an optimization was used by taking both parameters into
consideration in this study. A Particle Swarm Optimization
(PSO) algorithm was used in order to reduce the THD of the
input current about 3 % with nearly unit power factor as 0.985.
The first of the optimization objective functions is to decrease the
THD of the input current, and the second is to increase the power
factor. The matrix converter was used for a constant frequency
and modulation by using the switching strategy of Venturini
Method and feeds an RL load. The optimized input filter was
analyzed in detail in MATLAB/SimPowerSystems environment
and examined in the results. Additionally, FFT spectra of the
input and output waveforms are given in the results. Thus, the
most suitable input filter was obtained for this system.

Index Terms—Matrix converter, Venturini Method, Power
Factor, Input Filter, Harmonic Distortion.

. INTRODUCTION

ATRIX CONVERTER obtained with the development of

the forced commutated cycloconverter based on
bidirectional ~ fully  controlled switches consists of
semiconductor elements and converts three-phase AC line
voltages to three-phase variable voltage and frequency outputs
[1], [2]. This converter consisting of 9 bidirectional switches is
arranged in order to connect any of the output lines of the
converter to any of the input lines. The topology of the matrix
converter was first proposed by Gyugi in 1976 [3]. The matrix
converter was not very popular in the industry in the past due
to current commutation problems between switches, using
much number of component and difficulties in the control
algorithm. Many researchers developed matrix converter
control algorithms based on mathematical principles after
Venturini's first matrix converter study in 1980. PWM
modulation strategies of the matrix converter are based on the
studies of Alesina and Venturini.
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The matrix converters have a more advanced potential
compared to conventional voltage source inverters [4], [5].
The output waveform of the matrix converter is obtained by
using a suitable PWM signal, similar to a standard inverter.
However, in matrix converters, the input of the converter is
fed from a three-phase constant frequency and voltage AC
source instead of a fixed DC voltage source. These converters
have no DC connection. The output voltages of the matrix
converter are generated directly from the input voltages due to
the lack of energy storage elements between input and output
of the converter [6]. These converters have higher reliability,
longer life and smaller design than inverters due to the lack of
large reactive energy storage components such as bulky and
limited-life electrolytic capacitors.[1], [7], [8]. These
converters are able to naturally transfer regenerative energy
back to the source without the need for any additional
components or algorithms because matrix converters have
bidirectional switches [9]-[11]. These converters can operate
at all four quadrants of the torque-speed region due to their
regeneration features [4], [12]. The matrix converter has a
sinusoidal input current and this converter can operate at the
unit displacement factor by depending on the modulation
technique regardless of the power factor of the load. These
converters can be used in large energy conversion systems
such as motor drives, variable frequency wind generators and
aircraft applications.

Output waveforms of the converter are affected from high
frequency distortion in the input current of the converter. Input
filters are often used to improve input current quality and
reduce input voltage distortion in power converters. The effect
of the filters between the input side of a power supply and
input side of a matrix converter has become a major issue of
matrix converter researches [13]. Input current filters are
placed in the input of the matrix converter in order to prevent
unwanted high frequency current components [7], [8], [12],
[14], [15]. Passive LC filter is used as matrix converter input
filter. Input filter designs for the matrix converter provide
unity power factor on the power supply side by improving the
quality of the main currents having sinusoidal waveforms
containing low harmonic components and reducing the
distortion of the input voltages provided to the Matrix
converter module [5], [16]-[19]. Additionally, the input filter
significantly reduces electromagnetic interference in the
matrix converter [7], [12], [20].

Optimization techniques are widely in order obtain
optimum parameters for the systems used in many engineering
applications. Optimization is basically a mathematical
technique for finding the maximum or minimum points of the
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functions in some feasible regions. Today, many different
optimization techniques are used in many areas [21]-[26].
Particle Swarm Optimization (PSO) is a powerful optimization
method shown experimentally. This method provides good
results for most optimization problems. PSO has obtained
increasing popularity in the last two decades [27]. PSO is a
valuable meta-heuristic approach used in scientific fields with
complex optimization problems. Thanks to its simplicity, PSO
has an algorithm network that can be used easily even by non-
expert researchers. This situation led to increased popularity of
PSO. It also allows for easy parallelization using modern high-
performance computer systems. It was first proposed by
Eberhart and Kennedy in 1995 [28]-[30]. PSO algorithm is
very popular due to simple calculation and sharing of
information. Using an optimization method such as PSO, the
solution can be produced without using the gradient of the
function to be optimized. It is a great advantage to use such a
method if the gradient is troublesome to derived in the
algorithm [31]. The PSO algorithm has two different stages.
The other is called as the update phase while the first is called
as the start phase. Particles called as individuals spread into a
multi-dimensional search space in the algorithm. Each
individual shows a suitable solution for the problem which can
be optimized. The performance function of the problem
represents the fitness function of the PSO algorithm [32].

In this study, the PSO algorithm is used to optimize the
power factor together with the input current harmonics of a
matrix converter. The difficulty of this optimization problem;
it negatively effects the power factor while increasing the
component values of the input filter to improve the input
current harmonic of the matrix converter. The matrix
converter can operate on a unit power factor due to its nature.
However, the filter used at the input makes it impossible to
operate on the unit power factor. In this paper, a matrix
converter input filter was optimized for the input current Total
Harmonic Distortion (THD) value below 5%, which can
operate close to the unit power factor. The input filter
optimized for the matrix converter was tested for different
output frequencies and 0.98 power factor value with 3%
current THD value was obtained in this study. It is shown that
the THD value remains constant in all cases when the output
voltage and current of the converter is analyzed. Additionally,
all swarm formation during optimization were examined
graphically and they were shown to reach the optimum point.
This study provides a suitable solution for one of the
engineering problems. In the design of such nonlinear
systems, quite demanding mathematical analysis is required.
However, this study has shown that optimization methods are
very useful solutions for such applications.

Il. MATRIX CONVERTER

The structure of the matrix converter consisting of 9 bi-
directional common collector switches that allow any output
phase to be connected to any input phase is given in Fig.1.

The output voltages of the matrix converter are generated
directly from the input voltages due to the lack of energy
storage elements between inputs and outputs of the converter.
The absence of a DC-link capacitor is one of the main
advantages of the matrix converter because DC-link capacitor
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increases cost and volume of the system. This converter can
transfer regenerative energy back to the source without the
need for any additional elements or algorithms because the
converter has bidirectional switches. The amplitude of the
matrix converter output voltage limits to 86.6 % amplitude of
input voltage. However, higher output voltages can be
obtained with overmodulation causing input current distortion.
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Fig.1. Structure of three-phase matrix converter

It is necessary to determine turn on/off times with
sequences of the switches in order to obtain from a constant
amplitude and frequency source to an adjustable amplitude
and frequency output. Additionally, it is desirable to be able to
operate with maximum amplitude and low total harmonic
distortion. Therefore, some modulation algorithms were
developed for matrix converter. Modulation algorithms used
in matrix converter can be listed as Venturini, Scalar and
Space Vector. In this paper, it is used switching strategy of
Venturini algorithm [33].

Venturini method provides full control of output voltages
and input power factor. Maximum voltage transfer ratio of the
Venturini algorithm is 0.866 and this algorithm needs to
output power factor information in order to control input
power factor [34]. The output voltage and the duty cycle for
the switch connected between the input phase 3 and the output
phase yin the unit input displacement factor are given in Eq.

D-@).

1 2V,V, 2q . : (1)
T, =T, {é+3V;ir2n+%sm(a),t+y/ﬂ)sm(3wit)
Voy = AVim cos(wpt +y/) —%Vim cos(awpt) (2)
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dgy M (wjt)
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where maximum voltage ratio and desired voltage ratio are qm
and g. wp and w; are 0, 2n/3, 4n/3 input phase difference and
output phase difference, respectively. ay is angular velocity of
the output frequency while i is angular velocity of the input
frequency. Va, Vs, and V. are instantaneous input voltage and
Vim is maximum input voltage.

Matrix converters generate current harmonics injected back
into the AC system. The current harmonics can cause voltage
distortion of the AC system. Input filter obtained with reactive
energy storage component is used in order to reduce
harmonics generated by matrix converters [35].
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I1l. PSO ALGORITHM FOR FILTER OPTIMIZATION

A standard PSO algorithm performs searching using particle
swarm during the iteration. In order to find the optimum
solution, each particle is moved to its best position in the
previous step [36]. The previous best position and the best
global position are determined in Eq. (4).

best(i,t) = in|f(PK)]ie
pbest(i, t) killryg_z_ytmm[ (RkN] ic{L2..N,} @)
best(i,t) = arg min| f(P(k
gbest(i, t) i:l,...,ng in[ f(P (k)] 5)
k=1,...,t

where i is the particle index, N, is the total number of
particles, t is the present iteration number, f is the fitness
function, and P is the position of the particle. The velocity and
position of particles are calculated using Eq. (6) and Eq. (7).

V,(t+1) = oV, (t) + ¢,r, (pbest(i, t) -V, (t))
+C,1, (pbest(t) - R (t))
RE+D)=RO+V;(t+) )

The velocity denotes as V and the inertia weight used to
balance the global exploration and local exploitation denotes
with @. Uniformly distributed random variables denote r; and
r,. Positive constant parameters called “acceleration
coefficients” which are denoted as ¢; and Ca.

PSO algorithm can be examined in 8 steps as given below;

Step 1. Each particle is started randomly P;(0)~U(Lower
Bounds, Upper Bounds).

Step 2. Fitness function is evaluated.
Step 3. The fitness function is calculated.

Step 4. Particles are sorted and the best position of each
particle is determined at each iteration.

Step 5. The position and velocity of each particle are
modified.

Step 6. New positions of the particles are evaluated.
Step 7. If (the number of iterations < maximum) go to Step 1.

Step 8. Choose the particle that gets the best performance
(gbest(t)=Pi(t)).

A simulation environment was created using MATLAB for
a three-phase matrix converter for optimization process. This
simulation system consists of a three-phase fixed voltage
source, network filter (input filter), matrix converter, and RL
load as shown in Fig.2. The matrix converter was operated for
a constant 0.8 modulation index by using the modified
Venturini algorithm during optimization process. 380 Vrms
(phase-phase), 50 Hz voltage source was used as input
voltage. The input filter has a widely preferred LC filter
connection structure as shown in the figure. The L inductance
and C capacitor values were optimized by using two objective
function. One of them is determined by approximating THD
value to zero and the other is determined by approximating
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power factor value to 1. The objective (fitness) function is
given in Eq. (8).

f(t) = 0.5(1— PF)+0.5,,, /100 ®)

The structure of the optimization loop is given in Fig.3.
First, the PSO operates the system with a random initial LC
value. Then, based on the PSO progression, an online structure
is obtained by sending the analysis results to the PSO
algorithm for each new LC value. The results of the progress
obtained with optimization are presented in the Fig.4. As seen
in the optimization results, the THD value of the input current
is decreased while the power factor value is increased to 1. As
a result of optimization, inductance and capacitor values of the
input filter were obtained as 9.99 mH and 12.8055 uF,
respectively.

2>

u(1¥isanul 12

3(=)()(3l(2 @2 (33
Egiéégééé

PSO el & s

K A v  Analysis

Fig.3. Structure of optimization loop
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IV. ANALYSIS OF OPTIMIZED SYSTEM

The waveforms of the input current and input voltage of the
system operated without input filter are given in Fig.5. The
input current signal has a very high harmonic content. The
distortion of the input current mostly occurs around the
switching frequency of 10 kHz when the harmonic spectrum is
analyzed as seen in Fig.5a. The THD value of the input current
is calculated around 67 %. The input current THD value is
generally around 90 %, because of the uncontrolled rectifier
structure on the input side of the inverters. Therefore, this
value can be said to be quite low compared to input current
THD of a standard inverter.

IEEE Std 519-1992 report provides harmonic content limits
in power systems. Additionally, detailed information about
harmonics can be accessed using IEEE Recommended
Practice and Requirements for Harmonic Control in Electric
Power Systems report [37], [38]. The current harmonic limits
are determined according to the short circuit current strength
of the system. Additionally, Total Demand Distortion (TDD)
value is analyzed instead of THD value while determining
these values. TDD can be defined as harmonic current
distortion in % of maximum demand load current about 30-
minute demand. It can be seen that the acceptable value for
this system is 5 %. when the report is analyzed.

The inductance and capacitor values can be used as about
10 mH and 12 pF when the optimized values of the filter are
organized as engineering notation. The system is operated
with the filter values obtained as a result of optimization. The
input waveforms of the matrix converter are analyzed in Fig.6.
As seen in Figure 6a, current and voltage revisions oscillate
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nearly overlap. The power factor of the system was calculated
as 0.985. The reason for a small notch at the top of the current
signal in the first period is the nonlinear structure in the
system in the transient state. It can be seen that symmetrical
oscillation is obtained in later periods. It is seen that a very
low THD value can be obtained around 3 % when the
harmonic of the current signal is analyzed as shown in Fig.6b.
The harmonic magnitude being closest to the fundamental
harmonic is approximately 2 % of the fundamental harmonic
value. The most dominant harmonic magnitude value is nearly
30 % of the fundamental harmonic value when the input filter
was not used as shown in Fig.5b. Therefore, it is necessary to
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say that the switching frequency is dominant in the non-filter
condition. Additionally, the system is analyzed for different
output frequency from 10 Hz to 70 Hz as shown in Table 1.
As expected, the THD values of both input and output signals
are similar. The input current THD value is remained below 3
% for different output frequencies. The power factor values
are obtained close to the unit power factor value. Thus, in this
study, the aimed low input current harmonic content and unit
power factor value were successfully obtained by using an
appropriate optimization. As the modulation index increases,
THD values of the output voltage and output current decrease
while the power factor the input current THD increase. As the
modulation index decrease, THD values of the output voltage,
output current and input current increase while the power
factor decreases.

TABLE |
ANALYSIS OF INPUT FILTER FOR DIFFERENT OUTPUT
FREQUENCY
Output Converter Converter
Frequency Input Output
Ia Power Vab la
THD Factor THD THD
Hz % - % %
10 4.09 0.989 64.04 2.72
20 4.16 0.993 64.03 2.24
30 4.75 0.988 63.42 1.96
40 3.95 0.988 63.30 1.94
50 3.27 0.985 64.81 1.90
60 4.63 0.984 64.69 2.16
70 4.30 0.9834 62.31 2.22

V. CONCLUSION

A study was carried out to improve the power factor and
current harmonic content values, which are important
parameters for power electronics systems. These parameters
can be improved in order to obtain desired values using a
passive input filter with inductance and capacitor. This
conversion cannot be performed in one step by using an
inverter if AC-AC conversion is to be obtained using a
voltage-source inverter. Therefore, the input filter used in this
conversion must be quite large. In this study, a matrix
converter structure with many advantages was preferred. This
system can provide a converter structure with very low input
harmonic content and unit power factor, especially by using
very small input filter.

It is generally preferred in order to calculate the natural
frequency value in order to determine the inductance and
capacitor values in the input filter. However, this approach
improves the harmonic content in the input current while
significantly reducing the power factor. This eliminates the
ability to operate on the unit power factor being one of the
most important features of the matrix converter. Therefore,
filter values were optimized by using the PSO algorithm in
this study. The optimization goal is to reduce the THD value
of the input current and keep the power factor close to the unit
power factor value. An optimization algorithm was performed
in order to obtain a realistic value by operating with a
simulation environment created online. The system was
analyzed for optimized L and C values and different output
frequencies. As a result of the analysis, it was shown that the
input current THD value can be kept under the 3 % while the
power factor value can be kept close to 1.
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Consequently, it can be said that the optimized input filter
can give the desired results without disrupting the inherent
properties of the matrix converter.
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