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Abstract

A matrix converter is a one level converter; it converts from AC input to AC output without an intermediate circuit
capacitor. An indirect matrix converter has more advantages and performs better with space vector modulation (SVM)
techniques. This article proposed an ANFIS-based SVM technique for the rectifier stage of an Indirect Matrix Converter.
The data used to train the ANFIS-based SVM is generated from the traditional SVM. The training methods used for training
are the combination of backpropagation and least squares methods. The angle and delay angle are inputs to the proposed
scheme and outputs are switching times. Because of this technique; The converter output voltage is improved and THD
(Total Harmonic Distortion) of voltage and currents are reduced compared to the traditional SVM. The performance of the
converter with ANFIS-based SVM is compared with conventional and the changed SVM by using MATLAB/Simulink.

Keywords: Space vector modulation (SVM), ANFIS (Adaptive Neuro Fuzzy Inference System)-based SVM, Total Harmonic Distortion
(THD), Indirect Matrix Converter (IMC), Converter side modulation modified matrix converter, Virtual DC link.

1. Introduction:

The converter that converts from direct AC input power to AC
output power is a matrix converter. The matrix converter has
various advantages such as: Allowing current flow in both
directions, no need for a large intermediate circuit capacitor,
the life of the converter is extended due to the lack of a
capacitor and it is economical. The matrix converters are
grouped such as Direct Matrix converter (DMC) and Indirect
Matrix Converter (IMC). The IMC has more advantages than
the DMC, such as generating pulses to turn the devices ON
(switching) is easy, and turning them OFF (commutating) is
also easy. Due to these advantages of an IMC and with
bidirectional power flow current source rectifier stage and
unidirectional voltage source inverter, it is used in various
applications such as electric drives such as controlling an
asynchronous motor [1], as an active filter and also in FACT's
device for power factor correction and power quality
improvement [ 2.3]. The performance of an IMC depends on
the type of modulation scheme used to switch the power
electronic devices.

The indirect matrix converter is controlled using a carrier-
based modulation method and a space vector method. The
carrier based modulation methods are used to control the
output voltage with the load of the motor and the slope of the
carrier and the voltage offset to get the unity power factor on
the input side [4]. Phase Shift and Phase Disposition Carrier
based modulation scheme is applied to control the output
voltage.

However, the Space Vector Modulation Technics
(SVPWM) has better advantages, e.g. B. Simple
implementation by using digital controllers like DSP or
microprocessor, output current quality, dynamic performance
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and performance under unbalance conditions are also good
[5].

Space vector modulation is applied separately for the
rectifier stage and the combination of booster and inverter
stages, the rectifier is controlled with the current reference
based SVPWM and the inverter is controlled with the voltage
reference [6]. In [7] the modulation techniques for IMC are
SVPWM and Sinusoidal PWM (SPWM), the rectifier stage is
controlled with the SVPWM and an inverter stage is
controlled with the SPWM. Carry-based PWM is used to
control the IMC, the pulses are generated by comparing the
modulation signal with the same triangle for rectifier and
inverter, this IMC is used to drive the five-phase motor [8].

The adaptive Sugeno-type neuro-fuzzy controller
powered induction motor with current control is presented.
This PI technique is replaced by a neuro-fuzzy controller to
improve voltage levels and self-tune against speed command
fluctuations and load disturbances [9,10]. In order to reduce
the common mode voltage by space vector pulse width
modulation of matrix converters, the correct selection of the
active vectors and the switching sequence is explained [11].
The neuro-fuzzy based SVM powered induction motor is
presented. The neuro-fuzzy provides better drive performance
with reduced torque ripple compared to neural network and
traditional SVM methods [12]. An alternative space vector
modulation applied to a matrix converter based induction
motor to reduce the common mode voltage. By analysing
SVM switching patterns and matrix converter zero vectors
replaced by rotating to reduce leakage current and increase
motor life [13]. The matrix converter based on space vector
modulation offers better performance compared to a
traditional matrix converter [14]. The induction motor based
on a matrix converter allows better control of torque, flux
ripple and low reactive power delivered to the grid at unity
power factor [15].

With conventional SVPWM for the rectifier stage, the
output is the result of mains input voltages, with this PWM,
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the virtual intermediate circuit shows more fluctuations.
However, if the SVPWM for the rectifier stage is changed, the
utilization of the DC link increases and the fluctuation of the
DC link voltage also decreases. In this work, the modified
SVPWM for the rectifier stage is implemented and compared
to the ANFIS-based SVPWM for the rectifier stage. The THD
of the output current and mains voltages is reduced in ANFIS-
based SVPWM.

The paper is structured as follows: Section II explains
IMC’s modified SVPWM at the rectifier stage and SVPWM
for the inverter stage. The implementation of ANFIS-based
SVPWM is described in Section III. In section IV, the
simulation results are evaluated. Conclusions are presented in
Section V.

2. Control of an Indirect Matrix Converter
The schematic diagram of an IMC is shown in Fig 1 and has
two conversion levels, one is the rectifier and the other is an

inverter levels.

i) Space vector Pulse Width Modulation
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Fig 1. Schematic diagram of IMC
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a) Switching of Rectifier Stage
The IMC rectifier stage is a bidirectional power flow current
source rectifier and the block diagram is shown in Figure 2.
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Fig 2. Rectifier stage of an Indirect matrix converter
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The rectifier has six bidirectional switches represented
from Nap to Ncn as shown in Fig 2. The device with the suffix
p indicates connection to the positive pole when they are on,
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and the suffix n indicates the negative pole when they are on.
The suffix a, b and c indicates the connected phase. The three-
phase AC input voltages that enter the rectifier are Vi, Vy,and
V.

Ve =V, Sin ot
V, =V, sin(wt —120°) (D
Vy =V, . sin(wt —240°%)

Where the maximum or peak value of the sinusoidal input
voltage is represented by Vma and the frequency is
represented by ®. The rectifier stage of IMC is controlled by
SVM. The hexagon of the space vector is divided into six
sectors, the duration of each sector is 60° and is shown in
Figure 3.

Vv
‘]YB
VYR
< Vre
¥ 1
O 7 Vr
VBR
% 6
/VRY
Vs Vay

Fig 3. Space vector diagram with different sectors
Process of Space Vector Modulation (SVM):

1. Three phase voltages are converted into two axis — o
and § components.

Calculate Vs and 0;, from V, and Vg

The location of Vs in space vector Hexagon is
identified with the help of 6;, and the modulation
index considered as unity.

The Switching times T, and T, are calculated and
there active vector are responsible to produce the
required current in the sector.

2.
3.

5. Switching time of active vectors are calculated using
the equations
. T
Sln(i in )
T, =T, 3 @
. T .
sm(; —-6,)+sind,,
sin(6,
7,1, ) ®
Sm(g —0,)+sing,

Where T is sampling time.

6. Sector and active voltage vector with variation of
0, = ot for modified SVPWM at rectifier stage are

shown in Table 1 and the Turn-On Time of each
switch in each sector is given Table.2.
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Table 1. Active Voltage Vectors of modified SVPWM at
rectifier stage

‘91' ; Sector DC link voltage
-30 to 30 1 Vrs
30 to 90 2 Vys
90 to 150 3 Vyr
150 to 210 4 Vir
210 to 270 5 Vay
270 to -30 6 Vry

Table 2. Switching times of modified SVPWM at rectifier
stage

Time of switches
Sector

A+ | A- | B+ | B- | c+ | C-
1 T+ Ty 0 0 0 0 Tp+Ta
2 0 0 Tg@#Ta O 0  TyTa
3 0 TytTy TetTa O 0 0
4 0 TH#T, 0 0 T@#Ta O
5 0 0 0 TptTa Ty#Ta O
6 ToTa O 0 TqT. O 0

b) Switching of Inverter stagey:

At the inverter side also SVM method is used. Space vector
hexogen diagram and six active vectors V| to Vs and two Zero
vectors Vj and V7 are shown Fig 4. The voltage-time balance
method is used to determine the switching times T, and T». In
Fig 5, the operational switching times are shown along with
active vectors for Sector-1.
VietTs=V 1 Tiint V2 T2int Vo Toin 4)

Where the reference voltage is represented as Vi, the
operational switching time of V;is Ti, T, is the operational
time of V, and T, is the operational time of zero vectors (Vo
&V7).

V2(110)

V3(010)

V4(011)

< 0./
\ L
V1T1in/Ts
6

V1(100)

V5(001)

V6(101)
Fig. 4 Space vector Hexogen

The switching times are calculated as

. T 5
Ty =3 VTS = 0,) ©)
TZin = ﬁ I/rT‘\ Sin Hout (6)
VdL‘ A
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T,

Oin

=T -T

s lin

- TZin (7)
Where the virtual output voltage at the rectifier level is
represented as Vdc
The operational switching times of the IMC inverter level
are a combination of the switching times of rectifier and
conventional inverter operation.

T, T,
Tl:ﬂﬁﬂdTl:J (8)
Y2 o2
The operational switching sequence of IMC inverter level
in sector-1 is shown in Fig 5.
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—

Fig. 5. Switching sequence of IMC inverter level of sector-1

i. ANFIS based SVPWM for rectifier stage:

The ANFIS controller is trained by taking angle o, and o are
input and output are switching timings T, &T, are outputs.

The a, and a are rectifier input voltage angle and derivative
of the an angle respectively.

a) Structure of Adaptive neuro-fuzzy controllers

Layer 2 Layer 3

Layer 1

Input 1

Input 2

Tuning

Fig. 6. Structure of five-layer ANFIS for Ti Switching time

Layer 2 Layer 3

Layer 1

Input 1

T2

Input 2

Tuning

Fig. 7. Structure of five-layer ANFIS for T> Switching time

The structure of five-layer ANFIS for switching time T,
and T2 is shown in fig. 3 and 4.

Layer 1: Let Z'; be the response of j" node in first layer and
input is o; of j™ node of the ANFIS, j=1,2, ..., q,
let a node function N be associated with each node.
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Z'=N,(a;) ©)

Here, Ni, Na, ..., Nq are the node functions, which are
same as the regular fuzzy system membership functions and
q is the number of nodes for each input. The Gaussian shieled
membership function is used.

Layer 2: The response of each node in layer 2 is the product
of all input signals. Each node response represents
the trigger strength of a rule.

Z>=N,(a,)+N,(ax) (10)

Layer 3: The normalized triggering strengths are determining
in this Layer.

z:
3
Z = /

27

Layer 4: It executes Sugeno-type inference system, i.H. the
output of each IF-THEN rule is generated from a
linear input variables of ANFIS, a, oy,
constant term, di, da, ..., dq. The weighted response
sum of an intermediate is the node’s response.

(11

7= 5% 0, 2

where Q], Qz, N Qq and dl, dz,
consequent parameters in this layer.

..., dg, are

Layer 5: This layer response is similar to the defuzzification
processor of a fuzzy system using weighted average
method. It generates the output by summing its
input signals.

=37

This output st. is the T, for this example.

(13)

b) Learning algorithm

The ANFIS controller is initially taken as a fuzzy model and
tuned using a backpropagation least squares combinatorial
algorithm. In each epoch the difference between an actual
response and a required response is measured, it is an error.
The error size is reduced. The training process ends when
either the error rate or the specified number of epochs is
reached.

3. Results and Discursion

Simulation results

When the changes of SVPWM for rectifier stage is changed
the virtual DC voltage magnitude variations are reduced and
distortion in DC voltage is reduce. Fig. 8 shows the DC virtual
link voltage with the conventional SVPWM. The magnitude
is varied from 400 V to 740 V and have distortions. Fig.9 and
10 show the DC virtual link voltage waveform of changed
SVPWM for rectifier stage and ANFIS SVPWM for rectifier
stage respectively. The voltage magnitude is varied from
640V to 740V and waveform is smooth.
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Fig. 8. Virtual DC link voltage waveform with conventional SVPWM
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Fig. 9. Virtual DC link voltage with modified SVPWM at rectifier stage
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Fig. 10. Virtual DC link voltage waveform with ANFIS SVPWM
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Fig. 11. Fuzzy rules of Switching time Ti
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Fig. 12. Fuzzy rules of Switching time T

Fig. 11 and 12 show the funny rules of switching times T,
&T, in ANFIS SVPWM.

Fig. 13, 14 and 15 show the supply current waveforms in
conventional, changed and ANFIS based SVPWM
respectively, the magnitude is varied from 30 A to -30 A peak
to peak. The supply side current waveform has more
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distortion when it is operated with conventional SVPWM
than the changed and ANFIS based SVPWM.
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Fig. 13. Supply side current waveform with conventional SVPWM
40

20

Current (Amps)
=]

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time (Sec)
Fig. 14. Supply side current waveform with modified SVPWM at rectifier
stage.
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Fig. 15. Supply side current waveform with ANFIS SVPWM
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Fig. 16. Load current waveform with conventional SVPWM
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Fig. 17. Load current waveform with modified SVPWM at rectifier stage

Fig. 16,17 and 18 show the load current with
conventional, Changed and ANFIS based SVPWM
respectively. The current magnitude is varied from +29 A to
-29 A and the current waveform has distortion what is
controlled with conventional SVPWM. The line output
voltage waveforms at conventional, Changed and ANFIS
based SVPWM are shown in Fig. 19,20 and 21 respectively.
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Fig. 18. Load current waveform with ANFIS SVPWM.
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Fig. 19. Output load voltage with conventional SVPWM
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Fig. 20. Output load voltage with modified SVPWM at rectifier stage
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Fig. 21. Output load voltage wave form with ANFIS SVPWM
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Fig. 22. Supply side single phase voltage and current waveforms with
conventional SVPWM
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Fig. 23. Supply side single phase voltage and current waveforms with
modified SVPWM at rectifier stage
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Fig. 24. Supply side single phase voltage and current waveforms with

ANFIS SVPWM.
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Figures 22, 23 and 24 show the supply side single phase
voltage and current waveforms with conventional, modified
and ANFIS based SVPWM. The phase angle between voltage
and current waveforms is zero. Therefore, a unity power
factor is maintained on the input side of the IMC, even the
power factor on the load side is not unity. The voltage across
the R-phase load and its current waveforms at different
SVPWM are show in Fig. 25,26 and 27. The phase angle
difference between the load voltage and current is 43.30, and

p.f:i:S: 0.73.[\ A A

= A A DL A
AVIAYAVRVRVEVEVRVIVIRY
i vo.lzvo.mvo.wvo.lsv 02 Vo.zzvo.uvo.zﬁvo.zsv 01

Fig. 25. Voltage across the R-phase load and its current waveforms with
conventional SVPWM.
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Fig. 26 Voltage across the R-phase load and its current waveforms with
modified SVPWM at rectifier stage.
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Fig. 27 Voltage across the R-phase load and its current waveforms with
ANFIS SVPWM.
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Fig. 28. Output phase voltage THD conventional SVPWM
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Fig. 29. Output phase voltage THD with modified SVPWM at rectifier
stage
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Fig. 31. Output current THD conventional SVPWM
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Fig. 32. Output current THD with modified SVPWM at rectifier stage
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Fig. 33. Current THD with ANFIS SVPWM
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The THD of load line voltage and current with
conventional, modified and ANFIS based SVPWM are show
is Fig.28 to Fig.33. The load phase voltage THD is reduces
from 9.82% to 5.28% and fundamental component is
improved from 369.8 V to 382.5 V, when compared with
compared with the conventional and ANFIS based SVPWM.
The percentage change in reduction of THD is 48.9% and

improvement fundamental component is 3.43%.  The
reduction of current THD is from 2.69% to 1.04% and
improvement in fundamental component is 26.91 to 27.58.

Table 3 comparison of Voltage and current THD &
Fundamental components

Fundamenta | Fundamenta
S.No Type of Curren 1 Component | 1 Component
: SVPWM t THD
of voltage of current
1 lCOH"e““O“a 2.69 369.8 26.91
Modified
2 SVPWM at 1.12 378.6 27.56
Rectifier side
3 ANFIS 1.04 382.5 27.58
based

4. Conclusion

In this paper, the performance of an indirect matrix converter
with conventional, changed and ANFIS based SVPWM for
rectifier stage are analysed by considering the phase load
voltage and load currents. The parameters which are
considered for analysis are THD and fundamental component
when an indirect matrix converter is fed to R-L load. From
the results, observed that ANFIS based SVPWM for rectifier
stage produce better performance than remaining
conventional and changed SVPWM. The THD of the voltage
& currents are reduced by 48.9% and 61.3% and the
fundamental component of voltage & current are improved by
3.43% and 2.48% respectively.

This is an Open Access article distributed under the terms of
the Creative Commons Attribution License.
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Appendix:

Indirect matrix converter:

Input supply: 3 Phase, 520 V, 50Hz.

Output: 3 Phase, 490 V, 50 Hz.

IGBT: Ideal IGBT with Rix=1 Milli Ohms, R=0.1M Ohms and Cs=Inf
Load: R=10 Ohms, L=30 mh

Filter: R=100 Ohms, L=2 mh and C=2 pF
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