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Abstract—A filter is required to remove the high frequency
switching ripple present in the input current of the matrix
converter. A design procedure for a single stage L-C filter is
presented in this paper based on the specifications of allowable
ripple in the grid current and distortion in the input voltage of the
matrix converter. This requires an accurate estimation of the ripple
component present in input line current. An analytical method to
estimate this switching ripple is presented, and the converter is
modeled for fundamental frequency. A damping resistor is designed
to damp the oscillations due to LC resonance, with minimum power
loss. The converter is simulated in MATLAB/Simulink and the filter
design results are verified.

Index Terms—Input RMS ripple, Indirect matrix converter, total
harmonic distortion, input power factor

I. INTRODUCTION

The matrix converter converts balanced three phase ac to
three phase PWM ac of desired magnitude and frequency. Its
unique properties like bidirectional power flow, single stage
power conversion, open loop input power factor correction and
most importantly minimum energy storage requirements which
eliminates the bulky dc-link capacitor, give it an upper hand in
applications like adjustable speed drives. However the switching
of the converter injects high frequency current harmonics into
the grid. Hence a passive LC filter is required to eliminate these
higher order harmonics. An accurate estimation of the input
current ripple is important for the filter design.

Analytical expression for the instantaneous input current
based on modulation theory is given in [1], [2]. Computation
of RMS ripple using these methods will require calculations
with complicated Bessel functions. [3] provides a design for
multistage L-C filter based on cost function optimization using
genetic algorithms with different constraints like maximum
amplitude of input ripple, minimum power factor, maximum
losses in damping resistor, etc. [4], [5] derive ripple estimation
from simulation to design the input filter. In [6], the switch-
ing ripple is approximated to be equal in magnitude to the
fundamental component, and [7] designs the filter based on
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fundamental components. The need and design of damping
resistor is explained in [8]. [9] analytically estimates the input
ripple for a simpler situation of a current source inverter.

This paper presents an analytical approach to estimate the
input RMS ripple current from the modulation strategy as a
function of output power factor and modulation index, and is
independent of input and output frequencies. Section I describes
the modulation strategy and modelling of matrix converter for
filter design. In section II the filter design is explained in detail,
followed by Simulation and Conclusion in Section III and IV
respectively.

II. ANALYSIS
A. Indirect Modulation of Matrix Converter

The section briefly describes the modulation technique for
which the RMS input current ripple has been computed. This
technique is based on the indirect modulation of matrix con-
verter as explained in [10], [11]. In indirect modulation, a matrix
converter is replaced by two fictitious converters as shown
in Fig. 1. The grid side converter acting as a current source
inverter(CSI), and a load side converter acting as a voltage
source inverter(VSI) are connected through a virtual dc link.
The front end converter rectifies input 3-phase utility to virtual
dc, from which the output converter generates balanced 3-phase
voltage of desired magnitude and frequency.

The space vectors of the CSI stage consists of six active
current space vectors as shown in Fig. 3 where [a b] refers to the
switching state when switch S, p and Sy are on. Similarly Fig.
4 shows the six active voltage space vectors of the VSI where
[1 0 0] refers to a switching state when the switches Sap, Spn
and Sc are on.

In one sampling cycle, the input reference current vector is
generated from two adjacent active vectors and one zero vector,
whose duty ratios are given by (1), where my is the ratio of
peak of the fundamental component of the input current to the
virtual dc link current. Similarly, the output reference voltage
space vector is generated by applying two active vectors and a
zero vector and their duty ratios are given by (2), where my is
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Fig. 1: Circuit diagram of the power electronic converter system

the ratio of peak of the fundamental component of the output
voltage to the dc link voltage. The switching sequence applied
over a cycle is given in Fig. 2.

T
dly, = mysin (g—ﬁ)
dl; = mrsinpg (1)
A
dViy = \/gmv sin (§ — a)
dVa = V3mysina )
CSI I Iy 0
VSI \% Va 0 Vi Vo 0 0
Dutyeycle| dnavi| dndv, | 0 dldVy dlydva | O 0
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Fig. 2: Switching sequence of Matrix converter

B. Modelling of Matrix Converter for Filter design

For the input filter design, it is essential to model the switch-
ing converter for different frequency components. For the input
filter, the matrix converter appears to be a voltage dependent
current source. In this section, the matrix converter is modelled
as a current source both for the fundamental and the higher
harmonic components (multiples of switching frequency).

The average input current vector is aligned along the input
voltage vector in order to get unity power factor. So for the

fundamental component of the input frequency, the matrix
converter can be modelled as a resistive load, R.. The peak
of the average output load voltage V,, can be written in terms
of the peak of the input line to neutral voltage V;,, as in (3).
Similarly the peak of average input current I;,, can be written
in terms of the peak of output load current I, as in (4) where
¢, is the output power factor angle. Using these two equations,
the effective resistance of the matrix converter can be expressed
in terms of the output load impedance (|Z,| = ‘I/—;’) as shown in

(5).
Vo = EmlmV‘/;n (3)
3
Iy = EmImVIo Cos ¢o 4
‘/in ZL
R. = — = 5
L, (%)Q(mlmv)2 cos ¢, )

In order to model the matrix converter for higher order
harmonics or for the ripple component of input current, the
total RMS of the input current is analytically computed. As a
first step, it is assumed that the output frequency is same as the
input frequency. In order to simplify the computation, it is also
assumed that the average output voltage vector was aligned
along vector V; when the average input current vector was
aligned along vector I;. Through simulation and calculations,
it is confirmed that the total RMS current computed with
the previous assumptions remains unchanged even when the
vectors are not aligned or the output and input frequencies are
different, as can be seen in Fig. 6.
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Fig. 3: Current space vectors produced by CSI

When the average input current space vector is in the first
sector, over one sampling cycle the instantaneous input current
i, i1s composed of output line currents ¢4 and —¢c. As shown
in Fig. 2 one sampling cycle is composed of time periods
dldWZ Ts, dI1dVaTs, dl2dViTs and dIdVoTs. During time
period dI;dV1Ts, vector Vi is applied to the output converter.
So the virtual dc link current is same as the output phase A
current. The switching state of the input converter during the
same period is [a b]. So the input phase a is connected to the
virtual dc link. This implies during this time period, ¢, is equal
to i4. Similarly, in dI;dV2T; period i, = —ic, in dlodViTy
period ¢, = i4 and in dI>dV5Ts period i, = —ic respectively.
Here we assume the output frequency is much smaller compared
to the switching or the sampling frequency of the converter,
such that the output currents over a sampling cycle remains
constant. So the square RMS of the input line current 7, in the
first sector is given by (6). Similarly it is possible to obtain the
expressions for the square RMS of the input line current 7, over
a sampling cycle when the input current vector is in second
sector (7) and third sector (8) respectively. These expressions
repeat for other three sectors. Assuming the output line currents
are balanced sinusoidal and lagging the output voltage vector by
a power factor angle of ¢,, and using (1) and (2), it is possible
to obtain the RMS of the input line current ¢, over one sector,
(9). Finally the actual total RMS over one fundamental cycle
of ¢, can be obtained from the RMS of each sector using (10).
Hence the input RMS current is obtained as a function of load
power factor and modulation index of the matrix converter as
shown in (11). The RMS of switching ripple current is obtained
by subtracting the fundamental current from total input RMS
current (12). This expression for RMS current ripple remains
unchanged with variation in output frequency and the alignment
angle. This is confirmed through simulation (6) and calculations.
Fig. 5 shows the variation of input RMS current with change in
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Fig. 4: Voltage space vectors produced by VSI

modulation index and load power factor.

i s, = ([dVidD 4+ dVidly)(ia)?
+(dVadIy + dVadIy)(—ic)? (6)
B ppsses = WV1dL (=ic)® + dVedI, (ip)? )
Z31%1»15,7‘3 = dVidly (iB)Q + dVadl, (iA)2 (8
2 1 .2
IaRMSSECTOR = —3/ zaRMS’,Tsd((“‘)ot) 9
7/3 JsecTor
1
Prys = 3 Z L RMSsporon: (10
i=1,2,3
3\/§m]mVI2 ™3 3
2 %)
IG.R]\/IS = 2 12 + g (1 + cos 2¢0)
(1)
3\/§m1mvlg T NEARE
+—— | = — == | sin2¢,
2 12 16
3 2
2 2
IaSWRMS = IaRMs - <§mlmVIo COSs Qbo) (12)

ITI. FILTER DESIGN

A passive L-C filter is designed to provide attenuation of the
ripple current. In order to avoid resonance occuring due to L-C
section, a damping resistor is introduced in parallel with L. The
matrix converter is modelled as an equivalent resistance R, for
the fundamental frequency Fig. 7. For the ripple component,
the matrix converter is modelled as a sinusoidal current source
at the sampling frequency 1/7, as shown in Fig. 8. The
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Fig. 7: Per-phase equivalent circuit at fundamental frequency Fig. 8: Per-phase equivalent circuit at switching frequency

RMS of the ripple component of the source current, Isgy, ;s

must be within a limit in order to maintain a particular THD.

According to IEEE 519, THD in the source current must be

less than 5%. For the proper operation of the matrix converter,

the input voltage of the matrix converter must have a limited

amount of higher harmonic ripple, Vi ¢y 1, s - Analyzing circuit

as shown in Fig. § it is possible to express both of these ripple
components in terms of g, .- Analyzing the circuit, for

! the fundamental component it is possible to compute the ratio
05 of the power loss in the damping resistor to the total output

Power factor o0 Modulation Index power of the converter (15). For a given THD in the source
current, RMS ripple of the input voltage waveform of the matrix
converter and percentage loss in the damping resistor, (13), (14)
and (15) can be solved simultaneously to determine L, C' and
R,. It is also necessary that the source current must be drawn

300

Linrams(A)

Fig. 5: Simulation results: Input RMS current

close to unity power factor or the angle 6; must be close to zero
R ok ok ke ke (16) and the voltage drop in the fundamental component across
: : ; the filter must be negligibly small or the ratio of fundamental
60 120 180 240 component of source voltage to that of the input voltage of the
Load frequency (Hz) matrix converter must be close to unity (17).
105
:/N IinSWRIWS
é ES 100 ) * o * ) * ) * o * : * ‘/iHSWRjus = 1 2 1 (13)
-k J@sC— 5 + 3
= % 45 0 45 90 I
Variation in output angle (de _ NSWRMS
p gle (deg) Issz,Ms - |+ (1—w2L0)?—1 (14)
Fig. 6: Simulation result: Input RMS current with variation of output (1+w1§? 52)
d

frequency and alignment angle

Hoss _ 1 wL (15)
RMS of this current source is assumed to be given by (12). P 3Vin \ Vw?L?+ Rj
Due to pulse width modulation the first group of dominant

harmonic components in the input current waveform appears to 1 wL(Re+ Ry)

wlL
6; = tan" ' WCR, + tan~' = — tan

be at and around the sampling frequency. The other harmonic Ry R.R4(1 — w?LC)
components with appreciable magnitude occurs at and around (16)
multiples of sampling frequency. Due to this, from the filter

design perspective we may assume that the entire energy in the v R \/m

input current other than the fundamental is concentrated at the i ° d a7

switching frequency. The L-C filter is designed such that the Vs \/ w2L2(Re + Ra)? + RZR5(1 — w2LC)?
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Fig. 9: Simulation results: a) Filtered source voltage and current b)
Variation of input RMS current with modulation index and output
power factor (cos ¢, of a: 0.8, b: 0.6, c: 0.5)

IV. SIMULATION

The power electronic converter system as shown in Fig. 1
with the modulation strategy described in Section II is simulated
in MATLAB/Simulink with a set of parameters as shown in
Table 1. The input filter components L, C' and R, are designed
according to Section III. Fig. 12 shows the output line to
neutral voltage and line current which is almost sinusoidal. Fig.
11 shows the input voltage and input current of the matrix
converter. Frequency spectrum of various voltage and current
waveforms are plotted in Fig. 10. From these two figures, it
is evident that the voltage drop across the filter is negligibly
small and the input voltage to the matrix converter is almost
sinusoidal. Fig. 9(a) shows the source voltage and line current.
It can be seen that the line current is almost in phase with the
voltage and nearly sinusoidal. The frequency spectrum of the
input source current confirms this observation. Fig. 9(b) pro-
vides Iinp,, s /1o as a function of modulation index and power
factor. The simulated points confirm the analytically predicted
continuous plots. This verifies the analytical estimation of the
RMS input current described in Section II. Table II shows a
comparison between different variables obtained from analysis
and simulation.

V. CONCLUSION

A design procedure to determine the input L-C filter for a
matrix converter is presented. A novel strategy to analytically
estimate the input RMS ripple current for the converter is
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Fig. 10: Simulation results: Frequency spectrum

proposed. This computation is independent of the ratio of
the input to the output frequency, and depends only on the
modulation index and output power factor. The designed filter
provides sufficient THD elimination and ensures near unity
power factor, negligible drop across filter and minimum loss
across damping resistor. The matrix converter is simulated and
results are verified.

REFERENCES

[1] P. Wheeler and D. Grant, “Optimised input filter design and low-loss
switching techniques for a practical matrix converter,” Electric Power
Applications, IEE Proceedings -, vol. 144, no. 1, pp. 53 —60, jan 1997.

[2] P. Wheeler, H. Zhang, and D. Grant, “A theoretical and practical consid-

eration of optimised input filter design for a low loss matrix converter,”

in Power Electronics and Variable-Speed Drives, 1994. Fifth International

Conference on, oct 1994, pp. 363 —367.

A. Trentin, P. Zanchetta, J. Clare, and P. Wheeler, “Automated optimal

design of input filters for direct ac/ac matrix converters,” Industrial

Electronics, IEEE Transactions on, vol. 59, no. 7, pp. 2811 -2823, july

2012.

[4] M. hamouda, F. Fnaiech, and K. Al-Haddad, “Input filter design for
svm dual-bridge matrix converters,” in Industrial Electronics, 2006 IEEE
International Symposium on, vol. 2, july 2006, pp. 797 -802.

3

—

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:43:02 UTC from IEEE Xplore. Restrictions apply.



TABLE I: Parameters

Vstr_rus 3.3kV
fi 60H 2
P, 1MW
cos o 0.8
mr 1
my 7
fo= L 10kHz
fo 30H 2
L 0.175 mH
c 37.32 uF
Ry 10 Q
Re 10.89 Q
4000
-~ 2000
~ 0
Z
3
> =2000
—-4000
0.01 0.02 0.03 0.04 0.05 0.06
time (s)
400
200
<
— 0
3
)
-200
400 . . - .
0.01 0.02 0.03 0.04 0.05 0.06
time (S)
Fig. 11: Simulation results: a) Input line to neutral voltage b)

Input line current

(5]

(6]

(71

(8]

[91

N. Zargari, G. Joos, and P. Ziogas, “Input filter design for pwm current-
source rectifiers,” in Applied Power Electronics Conference and Exposi-
tion, 1993. APEC ’93. Conference Proceedings 1993., Eighth Annual, mar
1993, pp. 824 -830.

A. Dasgupta and P. Sensarma, “An integrated filter and controller design
for direct matrix converter,” in Energy Conversion Congress and Exposi-
tion (ECCE), 2011 IEEE, sept. 2011, pp. 814 -821.

S. Ferreira Pinto and J. Fernando Silva, “Input filter design for sliding
mode controlled matrix converters,” in Power Electronics Specialists
Conference, 2001. PESC. 2001 IEEE 32nd Annual, vol. 2, 2001, pp. 648
—653 vol.2.

H. She, H. Lin, X. Wang, and L. Yue, “Damped input filter design of
matrix converter,” in Power Electronics and Drive Systems, 2009. PEDS
2009. International Conference on, nov. 2009, pp. 672 —677.

K. Basu, S. Nath, and N. Mohan, “Input filter design of a current source
inverter or a front end rectifier: Analysis and simulation,” in GCMS, June
2011, jun 2011, pp. 363 -367.

TABLE II: Simulation Results : A Comparison

VARIABLES | ANALYTICAL | SIMULATED
Vo 23235V 2322.8
L 357.12A 357.00A
Iin 247.4A 249.5A
Linpars 216.38A 216.20A
Lingw russ 127.33A 126.20A
Vi 2694.4V 2695.0V
Vinsw nacs 53.8V 44.7V
Lsswrars 5.0A 7.2A
cos ¢; 0.9973 0.9971
Yin 1.0002 1.0000
Pioss(%) 0.000283 0
4000
= 2000
2 0
S -2000
-4000
001 002 003 004 005 006
time (s)
400
200
<
— 0
5
-200
-400 - - - :
001 002 003 004 005 006
time (s)

Fig. 12: Simulation results: a) Output line to neutral voltage b)
Output line current

[10]

[11]

L. Huber and D. Borojevic, “Space vector modulated three-phase to
three-phase matrix converter with input power factor correction,” Industry
Applications, IEEE Transactions on, vol. 31, no. 6, pp. 1234 —1246,
nov/dec 1995.

T. Nguyen and H.-H. Lee, “Modulation strategies to reduce common-
mode voltage for indirect matrix converters,” Industrial Electronics, IEEE
Transactions on, vol. 59, no. 1, pp. 129 —140, jan. 2012.

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:43:02 UTC from IEEE Xplore. Restrictions apply.



