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Intelligent Controller Based Shunt Active Filter for Power
Quality Improvement of Matrix Converter
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Abstract: This study proposes a Hysteresis Fuzzy Logic Controlled (H-FL.C) based shunt active filter to
mirmimize the power quality impact instead of using the conventional fixed filters and active filters of the matrix
converters. Matrix converters mject significant harmonics and nonstandard frequency components into power
systems. The proposed approach eliminates the total line current harmonics efficiently. By mimmizing the total
harmonic distortion, the harmonic pollution in the power system will be reduced and the power quality will be
mcreased. The proposed approach has been tested and validated on the matrix converter using Matlab/
simulink. The simulation results are shown to demonstrate the advantages of the proposed scheme.
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INTRODUCTION

Harmonic current pollution of 3-phase electrical
power systems 1s becoming a serious problem due to the
wide use of non-linear loads such as diede or thymstor
rectifiers and a vast variety of power electronics based
appliances (Hagh et al., 2009). Taking mto account that
the converter 1s supplied by a voltage source and usually
feeds an inductive load, the input phases should never be
short-circuited and the output currents should not be
mterrupted.

Recently, matrix converters are getting more attention
n ac-ac power processing systems that require smaller
size, higher power density and easier maintenance.
Similarly, matrnix converter also produces harmomnics in the
power system. As well known, the matrix converters have
attractive characteristics such as sinusoidal 1nput
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.
Sinee, the introduction of the matrix converter various and
numerous modulation methods have been developed to
date (L1 et al, 2009; Imayavaramban ef al., 2004)
(Fig. 1).

This method requires a formidable amount of complex
calculations m 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 { Yougui ef al., 2008).
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Fig. 1: General architecture of matrix converter

However, the SVPWM is far from mtuitive and
requires lookup tables with the previously initialized and
stored switching patterns. Carrier based PWM may be the
latest modulation strategy for matrix converters
(Joshi et al., 2007). The carrier based PWM will employ
the carrier and reference signals and can be implemented
without complex calculations and lookup tables.

The above method however, involves proper offset
voltages and discontinuous carrier signals which imply
relatively indirect understanding of modulation processes.
Also, the modulation algorithm suffers from additional
complicated modification m 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 mput and output neutrals.
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POWER QUALITY ISSUES IN
MATRIX CONVERTER

Ideally, voltage 1s fed by a utility as a sinusoidal wave
is having a magnitude and frequency given by national,
international standards or system specifications with
mmpedance of zero ohms at all frequencies. Generally,
electrical power source is ideal and it can deviate in the
following ways .Variations in the peal or RMS voltage are
umportant to different types of equipment and load. When
the RMS voltage goes beyond the nominal voltage by
10-80% for 0.5 cycles to 1 min, the phenomena is calleda
swell (Fuchs and Mosoum, 2008). Sag is the opposite
action: the RMS voltage goes below the rated voltage by
10-90% for 0.5 cycles to 1 min (Kusko and Thomsom,
1998). A variation in the wave shape 1s usually known as
harmonics (De La Rosa, 2006). Matrix converter reflects
the input voltage distortions to output voltage
(Karacaand and Akkaya, 2010).
The passive input filters in matrix converter:
Traditionally, passive LC filters have beenn used to
eliminate the current harmonics and to improve the power
factor. The input filter acts as an interface between the
matrix converter and the AC mams. [ts basic feature 1s to
avoid significant changes of the input voltage of the
converter during each PWM cycle and to prevent the
unwanted harmonic currents from flowing into AC mams
(Biela et al., 2009). Due to the discontinuous input
currents, the matrix converter behaves as a source of
current harmonics which are injected back mto the AC
mains (Zargari et al., 1993). Since, these current harmonics
results in voltage distortions that affect the overall
operation of the AC system, they should be reduced. The
principal method of reducing the harmonics generated by
static converters is provided by the input filter using
reactive storage elements as shown in Fig. 2.
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Fig. 2. Schematics representation of the basic input filter
configuration (a) Capacitors comected mn star (b)

LC filter with demping resister (¢) Second order
LC filter
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The problem of the input filter design for a matrix
converter has been addressed in quite few researches
(Huber and Borojevic, 1991; Wheeler ef al., 1993) and
looking at the literature, different configurations have
been proposed for the matrix converter input filter
(Vlatkovic et al, 1996, Casadei et al, 1997). Such
differences are a consequence of different design criteria
or at least differently weighted, different switching
frequencies and different modulation strategies.

In order to meet the required attenuation requirement,
the filter mmductor size mcreases, these results m the
overall mcreases with filter size. Moreover, the mput filter
output impedance, related to the total filter capacitor value
is more difficult to control and leads to converter
instability. As far as the matrix converter 18 concerned, a
high displacement angle of the mput line current due to
the input filter capacitance component might be
compensated by the matrix converter, setting as reference
for the input current by a lagging displacement angle.

But in this way, the maximum voltage transfer ratio for
the converter would be significantly reduced. Therefore,
even for the matrix converter, the upper limit of the input
filter capacitance 1s set by the minimum acceptable AC
main power factor. Similarly, the control of the impedance
interaction between the input filter and the voltage
converter is necessary.

In general, the filters output impedance should be as
low when compared to the converter mput unpedance.
The filter output impedance can be reduced by increasing
the filter capacitor size. Practically, the impedance
interaction constraint determines the lower constramt on
the filter capacitor value.

In addition to the this, proper filter pole damping is
extremely important for achieving low filter output
impedance for all frequencies and thus, overall system
stability may be mmproved. In general, an optimized design
of the matrix converter inpu filter is a quite difficult task
since, it relies on a system level approach and in the light
of the new coming harmomnic and EMI reduction standards
1t can be somehow considered as an outstanding issue.

Active filter issues in matrix converter: Passive LC filters
are bulky, load dependent and inflexible. They can also
cause resonance problems to the system and provides
either under-compensation of harmonics
whenever a load-change occurs (Prasad et al., 1991). In
order to solve these problems, Active Power Filter
(APF)’s have been reported (Moran ef ., 1997) and
considered as a possible solution for reducing current
harmonics and the power factor will be umproved.
Figure 3 shows the basic compensation principle of
the 3 phase shunt APF. Tt is designed to be connected in

OVer-or
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Matrix converter

Fig. 3. General architecture of shunt active filter for matrix
converter

parallel with the nonlinear load to detect its harmonic and
reactive current and to inject a compensating current into
the system. In the conventional p-g theory based control
approach for the shunt APF, the compensation current
references are generated based on the measurement of
load currents. However, the current feedback from the
Shunt Active Power Filter (SAPF) output is also required
and therefore, mimmuim six control systems are desired in
an unbalanced system.

The commonly used current control strategies are the
hysteresis current control, the ramp comparison control
methods (natural, asymmetrical or optimal PWM)
assoclated with linear controllers and the predicted
current control. The first method is very simple and easy
to the disadvantage of an
uncontrollable gh switching frequency. This high
frequency places great stress on the power transistors
and induces significant switching losses. The 2nd and 3rd

implement but has

method allows the operation at a fixed switching
frequency and is usually performed using software with
the system parameters. In tlhis case, the operating
conditions must be known to achieve sufficient, accurate
control.

THE PROPOSED COMPENSATION
SCHEME FOR MATRIX CONVERTER

The most popular type of active filters 1s the shunt
active filter. Shunt active filters can be single-phase or
three-phase, voltage source or current source. Figure 4
shows the proposed compensation for matrix converter
with a shunt active filter, source and load. When the filter
1s used to compensate the current harmonics produced by
the matrix converter, active filter compensates the
harmonic current of a matrix converter which produces
harmonic current. In Fig. 4, Z,,, Z; .Z 18 impedances of
the source and shunt passive filter, respectively. L.V,

211

3 phase supply Matrix converter

Vs Zsy E I é
—0——¢- e
—sp —> H
V, ZSB Vsn E IE H
[ —®—D > oo~ o <
= o S
V. Z _ T i e H
_®_d v : (S A - :
L A, I S —_—

Le @ LAY el

S.A.F
inverter
controller

based control
system

Fig. 4: Advanced compensation for matrix converter

and V, are the current harmomnic of the load, voltage
harmonic of the load and source harmonics, respectively.
I, 18 the current of the shunt active filter. The control
system design of the shunt active power filter for matrix
converter cancel the harmomics m the supply current 1s
shown in Fig 4. Shunt active filters are used to
compensate current harmonics of nonlinear loads to
perform reactive power compensation and to balance
imbalance currents. The matrix converter is considered as
one type of load i.e., current-source type of Harmonic
sources. Power electronics converters are a common and
typical source of harmonic currents. The distortion of the
current waveform, ie., the generation of harmomics,
results from the switching operation. Because the
harmomnic current contents and characteristic are less
dependent upon the AC side, this type of harmonic
source behaves like a current source. Therefore, they are
called current-source type of harmonic source (or
harmonic current source) and represented as a current
source. A shunt active filter is to be placed n parallel with
a load (matrix converter) to detect the harmonic current of
the load and to inject a harmonic current with the same
amplitude of that of the load into the AC system.

Analysis of proposed shunt active filter for matrix
converter: In order to have generality, the harmonic
current source is represented as Norton’s equivalent
circuit. A pure current-source type of harmonic source 1s
a special case of the Norton’s equivalent with Z,.
Figure 5 shows the basic principle of a shunt active filter
compensating for a harmonic current source where the
harmonic source 1s represented as Norton’s equivalent,
Z,1s the source (line) mmpedance, I; 13 the equivalent
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Fig. 5: Principle of shunt active filter for matix converter

harmonic current source, Z_ 1s the equivalent impedance
on the input side of matrix converter which may include
passive filters and power-factor correction capacitors and
G is the equivalent transfer function of the active filter
including the detection circuit of harmonics and the delay
of the control circuit.

In general, G has the function of notching the
fundamental component that is |G, = 0 at the fundamental
and |G}, = 1 for harmonics. In the following analysis, all
equations are represented in per unit. From Fig. 5, the
following equations are obtained:

I.=GI, (1
Z V.
I, = LZ To+ SZ (2)
Z,+—= Z,+—=
1-G 1-G
Z’L
_ 1 V.
L=—1=8 et oy 3)
Z+—= Zy+—=L
1-G 1-G
Focusing on harmonic:
ZL
z (“4)
Blz,
I.=1, (3)
V.
I =T +Z—Sh (6)

Where, the subscripts h and f, represent the harmonic
components and the
respectively. Modulus represents the magmtude of a
transfer function. G can be predesigned and determined
by the active filter while 7, and 7, are determined by the

findamental components,
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Fig. 6: Proposed controller based shunt active filter for
matrix converter

systern, 1.e., parameters of the ac source and the load side
of the matrix converter. A shunt active filter senses the
load current and mjects a current into the system to
compensate current harmonics or reactive load. In this
study, a shunt filter was used to compensate the current
harmonics of matrix converter here, the shunt active filter
acts as a current source. The sum of its current and load
current 1s the total current that flows through the source.
Therefore, controlling the output current of the active
filter can control the source current.

Proposed intelligent control system of shunt active filter:
A Fuzzy Logic Controller (FLC) 15 designed to take over
the work of variable limiter based on look-up table. The
new topology of APF with Hysteresis FL.C (H-FL.C) based
limiter is shown in Fig. 6. An adaptive hysteresis band
current control PWM technique can be programmed as a
function of the active filter and supply parameters to
minimize the influence of current distortions on the
modulated waveform.

The width of the Hysteresis Band (HB) can be
modulated at different points of the fundamental
frequency of the cycle to control the PWM switching
pattern of the mverter. The limiter value varies with
change in load current, however the nature of variation 1s
highly non-linear and 1t is difficult to relate it by
mathematical expression. Also in practice, the nature of
input power to load is not pure sinuscidal rather
stochastic in nature. Hence, mathematical modeling of
variable saturation value may not be able to fully
compensate the effect of harmomes. Fuzzy logic 15 an
alternative approach to handle this type of problem which
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has become more popular during past four decades due to
its  advantages of robustness against parameter
variation, popularity, customization, etc. When system is
too complex or too poorly understood to be described n
precise mathematical terms, fuzzy modeling provides the
ability to linguistically specify approximate relationships
between the input and desired output.

The relationships are represented by a set of fuzzy if
then rules in which the antecedent is an approximate
representation of the state of the system and the
consequent provides a range of potential responses. In
this study, FLC 1s used to regulate the limiter value
according to load current. The range of operating current
and particular band of operating current is one of the
important design factors of fuzzy controller.

The proposed hysteresis FLC compensates the
harmonic current for any load current variation between
1.5 and 80 A. The block diagram representation of fuzzy
logic controller 1s shown m Fig. 6 which contains the
following design parameters: number and type of
membership functions for input and output variables, rule
base, defuzzification method.

Membership functions for input and output variable:
Computational efficiency, memory requirement and
computational time are the few important aspects of
evolutionary computational methods. The number and
type of Membership Function (MF) decides the
computational efficiency of a FL.C. The shape of fuzzy set
affects how well a fuzzy system of if then rules
approximate a function

Triangles have been the most popular 1if part set shape
for approximating non-linear function. Studies reported in
have shown that triangular membership function is most
economical in the sense of above said parameters. Here,
the membership functions are chosen to be triangular
(Fig. 7) because the parametric functional description of
triangular MF 18 most economic one. The triangular
membership functions have been frequently used in many
applications of fuzzy sets including fuzzy controllers,
fuzzy models and classification.

Triangular membershup functions are preferred
because of their striking simplicity, solid theoretical basis
and ease of computation, since they are symmetrical and
have zero value at some point away from their center.
Pedrycz has carried out a detailed study legitimizing the

Fig. 7: Example of fuzzy membership function
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use of the triangular membership function. In the present
case, the choice of MF does not much affect the
performance of system.

However, to reduce the complexity and to involve
minimum computational memory, the triangular MFs are
chosen. For this research, 9 unequally spaced triangular
membership functions have been chosen for representing
each linguistic variables, viz,, Z, VS, S, 35, SM, M, MD, H
and VH. The reason for unequal spacing 1s to cover a
band of load current with high accuracy. The number of
linguistic variables is directly related to the accuracy of
approximating function and plays an important role for
approximating the non-linear input-output mapping. The
number of linguistic variable increases and the output of
fuzzy controller becomes a linear function of the input. In
the present case, a non-linear mapping of input-output is
performed via fuzzy logic.

In order to trade-off between accuracy and
complexity, through rigorous simulation studies it has
been found that nine MFs are sufficient to produce
desired results in required band. Reducing the mumber of
MFs will produce improper results at some band while
increasing the number of MFs will produce a delay due to
more computational steps required.

The linguistic variables are defined by "M = (a, b, ¢)
where a, b, ¢ are starting, middle point with unity
membership grade and end points, respectively. Agam,
each fuzzy set is 50% overlapped with neighbor. In
present case, the function of fuzzy logic 1s to map a non-
linear input-output function. Thus, the number of rules is
directly related with number of MF for input and output.
Hence, in the present case 9 rules are made.

The weighted factor of FL.C is an important factor for
producing accurate output. Since, the antecedent part of
rules are chosen as linear combination of input, the
weighted factors are also linear and of zero order.

Inference rule: The supply voltage wave, vs(t) and main
current reference slope, dis */dt can be selected as input
variables to the fuzzy controller and the hysteresis band
Hysteresis Band Magnitude (HB) as an outputvariable.
The following step is used to determine the set of
linguistic values associated with each variable. Each input
variable 1s transformed into a linguistic size with 5 fuzzy
subsets:

Table 1: Inference rules (supply voltage wave, V, and main current reference
slope, di*/dt)

NL NM EZ PM PL
NL PL PM PM PM PL
NM PL PM Ps PM PL
EZ PVL PM Ps PM PVL
PM PL PMM Ps PM PL
PL PL PM PM PM PL
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PI. = Positive large

PM = Positive medium
PS = Positive small

E7Z = Zero

NL = Negative large
NM = Negative medium
NS = Negative small

For the output variable:

HB, PVS = Positive very small
Ps = Positive small

PM = Medium positive
PL = Pousitive large
PVL = Positive very large

The membership functions of the input and ocutput
variables and the resulting inference rules are shown in
Table 1.

SIMULATION RESULT

Simulation is carried out on Matlab/simulink software
and the use of the shunt active filter for matrix converter
is evaluated. The simulated SAPF system parameters are
shown in Table 2. In the simulation studies, the result are
specified before and after SAPF system 1s operated. In
Fig. 8 the simulations of the matrix converter operates
without input capacitor is shown. Here, the line voltage is

Supply voltage

440 v; the supply current is 200 Amperes. In this
simulation, the input cuwrrent wave shape is non-
sinusoldal and it contamns harmomnics. The simulation time
start from 0.02-0.085 sec. Censider the simulation time,
0.025-0.045 sec is the one cycle of the current wave form.
Here, the wave shape of this current is non-sinusoidal and
1t contams harmonics. In the Fig. 9, the simulation of the
matrix converter operated with mput capacitor 1s shown.
The capacitor value is shown in Table 2. The input
current wave form is also non-sinusoidal. The harmonics
are not effectively elimnated by the fixed capacitor bank
and the mput current wave farm obtained 13 non
simuseidal and is shown in Fig. 9. Consider the simulation
time 0.025-0.045 sec, the current wave form is non-
sinusoldal and 1t contain harmomcs. Figure 10 shows the
proposed shunt active power filter scheme that
compensates the line current wave shape effectively when

Table 2: SAPF experimental and simulation parameters

Categories Parameters Values

Source Voltage (Vo) 440V,
Frequency (F) 50 Hz

Load 3 phase line inductance (Ly y..) 1 mH
3 phase load resistance (R;) 20

DC link Voltage (V) 1200V
Capacitor (Cy,c5) 2200 pF

SAPF Ac line inductance (Leg,) 0.5 mH
Filter resistance (Reg,) 47Q
Filter capacitor (Cay,) 100 uF
Switching frequency (Fpu,) 20 kHz

Supply current

-200

Load voltage

Load current

0 0.01 0.02 0.03 0.04

0.07

0.05 0.06 0.08

Fig. 8 System voltage (V,) source current (I,) load voltage (V,) and load current (T, ) without filter
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Supply voltage

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Fig. 9: System voltage (V,) source current (1) load voltage (V) and load current (1) with fixed filter
Supply voitage

Supply current
200

-200 it e

500 Load vatage

Fig. 10: System voltage (V,) source curent (I,) load voltage (V,) and load current (T.) when the existing shunt active filter
is turned on

compared to the existing system, effectively. The total  frequency s 60 Hz Figure 11 shows the proposed H-FLC

simulation time 18 0.02-0.085 sec. In this sunulation, the based shunt active power filter scheme that compensates
current waveform is almost sinusoidal. Here, Load  the line current wave shape effectively when compared to
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Supply voltage

Load current

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07

Fig. 11: System voltage (V,) source current (I,) load voltage (V,) and load current (I, )when the H-F1.C based controller
based shunt active filter 1s turned on
60- TH.D before compensation

2-x1¢° 3 phase instantaneous active and reactive power

1.8
1.6 404
1.4
1.2
1.0- 204
0.8
0.6
T 1 T L T 1
0.4- 0,03 0.04 0.05 0.06 0.07 0.08
0.06 0.065 0.07 0.075 0.08

Fig. 14: Total harmonic distortion existing method
Fig. 12: Real and reactive power existing method controller

60 ,
5-x1¢° 3 phase instantaneous active and reactive power TH.D proposed compensation

18- 301

1.6 40

14

124 30

1.0 u o ’
20

0.8

0.6 10-

0.4+

T T ¥ T T
0
0.06 0.065 007 0.075 0.08 0035 004 0045 005 0055 0.06 0065 0.07

Fig. 13: Real and reavtive power with proposed controller  Fig. 15 Total harmonic distortion proposed system
compensation
results. The total simulation time is 0.02-0.07 sec. In this
the existing instantaneous reactive comtrol (a-p-0) simulation, the current waveform is almost sinusoidal.
based controller effectively as shown in the simulation  Figure 12 shows the input power factor without
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compensation. Here, the reactive power is lagging. In
Fig. 12, the shunt active filters not only compensate the
current harmonics but also it compensates the reactive
power as shown 1n the simulation result shown mn Fig. 13
the reactive power factor is almost unity. Figure 14 shows
that the supply current harmonics are 60.05%. After the
proposed shunt active filter is implemented, the supply
current harmonics 1s reduced 25% as shown i Fig. 15.
Power quality 13 maintained by using the shunt active
filter.

CONCLUSION

This study has validated a simple control approach
with a parallel active power filter based on the method of
hysteresis fuzzy logic controller. Simulations results show
the need for regulation of the DC voltage of the active
filter and control of the current at its exit point. The
conventional control approaches has not given good
performance and it results in slow response. With the
fuzzy hysteresis current control method, the band can be
easily implemented with fuzzy logic to keep the
modulation frequency nearly constant and achieves good
quality filtering. Application of fuzzy logic in the control
loops enables to choose optimal values of the inductance
of decoupling and the storage capacity. With these types
of controls, the active filter can be adapted easily to other
more severe constraints such as unbalanced conditions.
The proposed strategy can restrict up to 25% of lower,
high harmonic components. When proposed system is
operated in matrix converter, the supply harmonics are
removed effectively compared to the existing controller.
The modification of this proposed methodology has given
considerably good simulation results as compared to the
conventional harmomnic control method. The proposed
method 1s validated and the simulation results are
obtained through mat lab/simulink software.
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