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Systematic Input Filter Design of Matrix
Converter by Analytical Estimation
of RMS Current Ripple

Ashish Kumar Sahoo, Student Member, IEEE, Kaushik Basu, Member, IEEE, and
Ned Mohan, Life Fellow, IEEE

Abstract—A filter is required to eliminate the high-
frequency switching ripple present in the input current of
a matrix converter (MC). Design of such a filter requires an
estimation of the higher harmonic components present in
the input current. This paper presents a simple closed-form
analytical expression for the RMS input current ripple in-
jected by the MC. The expression shows the variation with
load power factor and is independent of the output fre-
quency. This is used in a step-by-step procedure to design
various input filter components from the specifications of
allowable total harmonic distortion in the grid current and
distortion in the input voltage. The MC is modeled for the
grid frequency component in order to evaluate the design
for input power factor and voltage drop across the filter. A
damping resistance has been designed ensuring minimum
ohmic loss. The analytical estimation of the ripple current
and the proposed design procedure have been validated
by simulations in MATLAB/Simulink and experiments on a
laboratory prototype.

Index Terms—Indirect modulation, input power factor,
matrix converter (MC), total harmonic distortion (THD).

NOMENCLATURE
1 Instantaneous.
i Averaged over fundamental cycle.
1 Amplitude of fundamental component.
iRMSA,TS RMS over Ts.
Trms RMS over fundamental cycle.
Iswrms Ripple component.
IirMs Fundamental component.
I Instantaneous space vector.
1 Average reference space vector.

|. INTRODUCTION

ULSE-WIDTH MODULATED (PWM) ac—ac converter
systems have become widely used in the industry for high
power conversion applications. Different converter topologies
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with and without a dc-link structure have been proposed in the
literature [1]. The matrix converter (MC) converts three-phase
ac to three-phase PWM ac of desired magnitude and frequency.
It uses an array of controlled bidirectional switches to couple a
three-phase grid with a three-phase load without the need of any
intermediate energy storage. These converters can find use in
large energy conversion systems such as motor drives, variable-
frequency wind generators, and aircraft applications. Its unique
properties such as bidirectional power flow, single-stage power
conversion, open-loop input power factor correction, regenera-
tive capability, and, most importantly, its minimum energy stor-
age requirements, which eliminate the bulky dc-link capacitor,
give it an upper hand [2], [3]. It has been concluded in [4] and
[5] that MCs have lesser passive requirements than voltage-
source-based back-to-back converters.

The input currents drawn from the three-phase grid contain
higher frequency components along with the desired line fre-
quency component. The fundamental component of the input
current is a function of real power only [6], [7]. However, due
to PWM, switching frequency components are injected along
with the fundamental frequency component. A passive LC filter
is used to eliminate these higher order harmonics and to draw
high-quality currents from the grid [8]. Unlike MCs, the input
filter design of dc-link-based converters has been extensively
studied in the literature [9]-[11]. Input filter design for current
source inverters can be found in [12] and [13]. A properly
designed filter must also ensure the following: 1) minimum
voltage drop; 2) high-quality voltage at the converter input; and
3) high grid power factor [14]. An MC, when integrated with fil-
ters, also has significantly reduced electromagnetic interference
[15]. The input filter design also affects the weight and volume
of the overall converter and, hence, the cost of equipment.

A suitable design of the input filter requires an estimation
of the input current ripple. It is possible to obtain an analyt-
ical expression for the input current based on the modulation
scheme [16]. However, estimation using these methods requires
computation with complicated Bessel functions. These expres-
sions also do not clearly show dependence of the input current
spectrum on output/load power factor. In [17], input current
harmonics due to unbalanced grid voltages are analytically
evaluated using complex Fourier transforms and approximated
by linearizing the input/output equations. In [18] and [19], rip-
ple estimation of the input current is done based on a simulation
model to design the input filter. The switching current ripple
is approximated to be equal in magnitude to the fundamental
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Fig. 1. (a) Conventional DMC topology. (b) Circuit diagram for the IMC.
component in [20]. No simple analytical expression for the [lljac]
input current ripple exists for an MC. In this paper, a simple [(}?6] \17120
closed-form analytical expression for the RMS input current I 3 2 2 2 [110]
ripple has been derived for space vector modulation (SVM)  [bal [ICLC] 1
of MCs. This expression, by means of basic trigonometric 4 1 Vi . Vo
functions, includes the effects of the modulation index, the 1. [011] [}6{]]
load, and its power factor. This eliminates the need for complex [CIZ ] 5 6 [}111)] 4
calculations using special functions or a simulation model to 5
estimate the input current ripple. Ie Vi Ve
Different procedures have been proposed to design the pas- [c 0] [001] (101]
sive components of the input filter. In [21], a design for a multi- (a) (b)
stage LC filter based on cost function optimization has been 0 e dl e aly IENEE
provided using genetic algorithms with different constraints . . . Ts
such as maximum amplitude of input current ripple, minimum ! 2 *
power factor, maximum loss in damping resistor, maximum Vi V2 \' Vi Va2 V.| Va ,

distortion in input voltage, and stability. In [4], the input filter
is designed using a custom-developed automated filter design
software. In [22], the proposed design is based on fundamental
components. Input filter design for other configurations of an
MC can be found in [23] and [24]. This paper presents a step-
by-step design procedure for a single-stage LC filter of an MC.
From the analytical estimation of the RMS input ripple current,
the MC is modeled for the switching frequency component.
Analyzing this model, the design equations are derived to get
the values of the filter components from the specifications of
the total harmonic distortion (THD) in the grid current and the
acceptable distortion in the input voltage. A model at the grid
frequency is used to evaluate the design for the input power
factor, voltage drop across the filter, etc.

A resistance is needed to mitigate oscillations at and around
the LC resonance frequency and to improve stability [25]-[27].
Modulation-based virtual damping techniques, although energy
efficient, are usually complex and require additional control
and sensor cost [28]—-[30]. In this paper, the damping resistor
is designed for minimum power loss.

The basic content of this paper was first introduced in [31].
Detailed analysis of modulation and derivation of the analyt-
ical expression for input RMS current ripple are presented in
Section II. Filter design approach is explained in Section III.
Extended simulation and experimental results with the same
operating parameters are presented in Section IV for a direct
comparison. This paper is concluded in Section V.
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Fig. 2. (a) Current space vectors produced by CSI. (b) Voltage space
vectors produced by VSI. (c) Switching sequence of the MC.

Il. ANALYSIS

The input filter design described in this paper requires mod-
eling of the MC for different frequency components, which
depends on the modulation technique. SVM-based indirect
modulation technique is the most widely used modulation
strategy to achieve the highest possible voltage transfer ratio
and optimized switching pattern in an MC [32], [33] and is
hence considered in this paper. This section describes the basic
modulation of an MC and its modeling for filter design.

A. Indirect Modulation of MC

In indirect modulation, the MC is represented by two con-
verters, as shown in Fig. 1(b). The grid-side converter acting
as a current source inverter (CSI) and the load-side converter
acting as a voltage source inverter (VSI) are connected through
a virtual dc link. The CSI has six active and three zero switching
states, as shown in Fig. 2(a). In this analysis, the space vector
corresponding to a set of three-phase quantities z, xp, . 1S a
complex vector X, as given in

X = x4 + 2723 4 g0 727/3,

6]
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Here, [a b] refers to the switching state when switches S, p
and S,y are ON. The zero vectors occur when [a a], [b b], or
[c ] exist as switching states. Similarly, Fig. 2(b) shows the
six active voltage space vectors of the VSI. [1 0 O] refers to
a switching state when the switches S, p, Spn, and S¢n are
ON. The VSI has two zero states given by [0 0 0] and [1 1 1].
Together, they can produce 18 active switching states of an
indirect MC (IMC) or a conventional direct MC (DMC). For
example, state [a b b] in the DMC [see Fig. 1(a)], in which a is
connected to output phase A and b is connected to output phases
B and C, respectively, can be implemented by simultaneously
applying [a b] and [1 0 0] in the IMC topology of Fig. 1(b).

In one sampling cycle T (carrier frequency of 1/7%), the
input reference current space vector I;, in Fig. 2(a) and the
output reference voltage space vector V, in Fig. 2(b) are
generated from two adjacent active vectors whose duty ratios
are respectively given by

dl; =m;sin (g _ 5) dly = my sin 3 )
dVi =V3my sin (g - a) dVy = V3my sina  (3)

and one zero vector for the remaining time period. Here, m;
is the ratio of peak of the fundamental component of the input
current to the average virtual dc-link current, and my is the
ratio of the peak of the fundamental component of the output
voltage to the average virtual dc-link voltage. The switching
sequence applied over a sampling cycle is given in Fig. 2(c).

B. Modeling of MC for Filter Design

To the input filter, the MC appears to be a voltage-dependent
current source. Here, the MC is modeled as a current source
both for the fundamental and higher harmonic components.

The average input current vector is aligned along the input
voltage vector to obtain unity power factor. Thus, for the grid
frequency, the MC can be modeled as a resistive load R..
The RMS of the fundamental component of the average output
voltage Vj1,,s Can be written in terms of the RMS of the
fundamental component of the input line-to-neutral voltage
‘/ian,MS as

3
= imlmv‘/ianMs . (4)

Similarly, the RMS of the fundamental component of the aver-
age input current [; can be written in terms of the peak of
load current 1, as

VOlRMS

nlgrms

3

= ——mmyl,cos o, 5

Wtk ¢ &)
where ¢, is the load power factor angle. Using these two equa-
tions, the effective resistance of the MC as seen by the input
filter can be expressed in terms of the output load impedance
(lZL‘ - \/§V01RMS/IO) as

VianMs |ZL|

R, = = . (6)
Tintgus %(mImV)Z oS ¢,

I;

nlrms

This is shown on a per-phase basis at the grid frequency in
Fig. 3.

Ry
UITL
o 4 m
L
Vg c _— R.

Fig. 3. Per-phase model at fundamental grid frequency.

In order to model the MC for higher order harmonics, the
total RMS of the input current is analytically computed. As a
first step, it is assumed that the output frequency is the same
as the grid frequency. In order to simplify the computation,
it is also assumed that the average output voltage vector was
aligned along vector V1 when the average input current vector
was aligned along vector I;. Later, it is shown from simulation
and experimental results that the RMS of the input current
computed with the two previous assumptions holds true even
when 1) the input and output frequencies are different and
2) in case of same input and output frequency with a different
alignment of average input current and output voltage vectors.

The average (over T) output phase A line-to-neutral voltage
and line current are respectively given by

T4 =V, cos(wet) @)
ia =1, cos(wot — Bo) 8)

where V,, and I, are amplitudes, w, is the output frequency, and
¢, is the load power factor angle. As shown in Fig. 2(c), one
sampling cycle Ty is composed of time periods dl;dV;T5,
dI1dVs Ty, dIsdVi Ty, and dIodVoT, when only active vectors
are applied. In the following analysis, it is assumed that both
I, and V, are in sector 1. During time period dI;dV;T,,
vector V1 [1 0 0] is applied by the output converter. Thus, the
virtual dc-link current 4);,) is the same as the output phase A
current. The switching state of the input converter during the
same period is [a b], corresponding to Iy. Thus, the input phase
a is connected to the output phase A through the virtual dc link,
as shown in Fig. 4(a). Likewise, during dI;dV>T, period with
vectors [a b] and [1 1 0] applied, input line current i, = i4 +
ip = —ic, as shown in Fig. 4(b). Similarly, during dl>dV1Ts
period, i, = i4, and during dI>dV5Ts period, i, = —ic, as
shown in Fig. 4(c) and (d), respectively. Here, we assume that
the output frequency f, is much smaller than the sampling
frequency of the converter, such that the output currents over
a sampling cycle T remain constant and can be modeled as
current sources. The direction of the load currents is assumed
to be positive when it is flowing out of the leg. Hence, in the
particular switching cycle shown in Fig. 4, the currents ¢4 and
1p are positive, and the current ¢ is negative.

The RMS square of the input line current ¢, over one
sampling cycle Ts when both i, and V, are in their respective
first sectors is given by

Z31"1"[5«TSSECTom = (dvldll + dVldI2)(iA)2
+ (dVadly + dVadlo)(—ic)?.  (9)
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Fig. 4. Current flow paths for time periods (a) dI1dV1Ts, (b) dI1dVaTs, (c) dl2dViTs, and (d) dI2dVaTs in sector 1.

Note that, due to assumptions made at the beginning of this
analysis, at any instant, both vectors T, and V, will be in the
same respective sectors, i.e., when T;,, is in sector 2 in Fi g.2(a),
'V, will be in sector 2 in Fig. 2(b). Similarly, it is possible to
obtain the expressions for the RMS square of the input line
current 7, over a sampling cycle when both the input current
and output voltage space vector are in their respective second
and third sectors, i.e.,

lorsis eapenon, = V1A (=i0)? + dVadTi(ig)*  (10)
i2 =dVidI(ip)? + dVadIy(—ig)? (11)

ARMS, TsSECTORS

These expressions repeat for the other three sectors. Equation
(12) shows how to relate RMS over one sampling cycle to the
RMS over one sector. Assuming the output line currents are
balanced and sinusoidal (8) and using (2), (3), and (12), it is
possible to obtain the RMS square of the input line current i,
over one sector. Finally, the RMS square of 7, over one cycle
of the fundamental component of input current can be obtained
from the RMS square of each sector using (13). Thus,

1

2 _ -2

ARMSSECTOR 7/3 ZaRl\/IS,Tsd(wot) (12)

SECTOR
1
2 _ 2
IaRMS - § Z IaRMSSECTORi- (13)

i=1,2,3

Hence, the input RMS square current is obtained as in (14).
The RMS square of the switching ripple current is obtained
by subtracting the RMS square of the fundamental component
from the total input RMS square current (15). Equations (14)
and (15) provide simple analytical expressions in terms of mod-
ulation index, load current amplitude, and load power factor
angle, i.e.,

12

ARMS

12 8

T2

- 3\/§m1mvlg <W\/§+3>(1+C052¢ )

2 1216

2
| 3V3mmy I3 (W - ﬁ) sin 2,

(14)

2
mymy 1, cos q50> . (15)

3
2 2
IGSWRMS :IaRMs - (2\/§
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Fig. 5. Per-unit input RMS switching current with variation in load
power factor and modulation index.
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Fig. 6. Per-phase model at switching frequency.

Fig. 5 shows the variation of per-unit input RMS switching
current with changes in modulation index and load power
factor.

For the filter design at ripple frequency, the MC is modeled
as a sinusoidal current source at frequency 1/7T5, as shown in
Fig. 6. The RMS of this current source is assumed to be given
by (15). Due to PWM, the first group of dominant harmonic
components in the input current waveform appears to be at and
around the sampling frequency. The other harmonic compo-
nents with appreciable magnitude occur at and around multiples
of the sampling frequency. In this model, we assume that the
entire energy in the input current other than the fundamental
is concentrated at the switching frequency resulting in a slight
overdesign of the filter components, which is a conservative
approximation.
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IIl. FILTER DESIGN

This section presents a step-by-step design procedure of a
passive LC filter. In this design, the MC is modeled using the
analysis given in the previous section. As discussed in the previ-
ous section, the input current is composed of a fundamental and
aripple component. In what follows, each of these components
is separately considered using superposition principle.

The LC filter is designed such that the RMS of the ripple
component of the grid current, i.e., gy ys. Must be within a
limit in order to maintain a particular THD. According to IEEE
519 [34], THD in the grid current must be less than 5% of the
fundamental component. For the proper operation of the MC,
the input voltage of the MC must be below a certain amount
of higher harmonic ripple, i.e., Vingywrus- In order to mitigate
oscillations near the LC' resonance frequency and to provide
stability, a damping resistor is introduced in parallel with L.
Other forms of passive damping have been also proposed in
the literature, which include a parallel or a series damping
resistor with the filter capacitor. However, it has been reported
that a parallel damping resistor with the filter inductor results
in minimum power consumption and ensures stability of the
overall system [25]. The parallel damping resistor in this paper
is designed to restrict the power loss to a minimum.

The inputs to the design procedure are rated power of the
converter P, grid voltage V. at frequency f,, fundamental
component of the load voltage magnitude V1 ,,s, power factor
of the load cos ¢, and converter switching frequency f5. The
step-by-step procedure is as follows.

1) Calculate the amplitude of load current /,, and the mod-
ulation index of the MC, assuming no power loss in the
MC and no voltage drop in the grid frequency component
across the input filter inductance. This is as shown in the
first step of the flowchart in Fig. 7.

From the calculated value of load current magnitude I,
and modulation index mmy in Step 1, the fundamental
component of input current is calculated, neglecting the
power loss in the MC. The load impedance Zj, is com-
puted as the ratio of the load voltage and load current.
For modeling the MC at the grid frequency, the effective
resistance R, is calculated using (6). In addition, com-
pute the input RMS current ripple injected by the MC
using (15).

Select the grid current THD and the distortion in the input
voltage as a function of their fundamental components, as
well as the fraction of the allowable power loss to total
power in damping resistor, as shown in

2

~

3

~

4

~

1

)\1 _ _9SWRMS )\2 _
I;

_ ‘PIOSS
= P .

‘/inSWRIV[S )\

v

9RMS

(16)

nlrms

5

~

Analyzing the circuit in Fig. 6, it is possible to express
the ripple in the grid current I, s and the distortion in
input voltage Vingy s 10 terms of L rs» as shown in
(17) and (18). Analyzing the circuit for the fundamental
component at grid frequency, wy, = 27 f, in Fig. 3, it is
possible to compute the ratio of the power loss Pl,gs in
the damping resistor to the total output power P of the

P Varms Volpras €08 o

A T T

V2P

N S —
3Vyrms €08 ¢o

Y

\/§V01RMS
I,

2V,
Calculate I, = mrmy ~ 2 lolrms

3 VQRMS

Calculate Z;, = and

3
——mjymy I, cos ¢o

inlppms &~ 22

Y

Calculate Re and Iin gy, gars Using (6), (15)

I

Y

Select A1, A2, A3

Y

Calculate L, C' and Ry
using (17), (18), (19)

Y

Calculate ¢4 using (20) ]

—

cospg > pf

YES

Vi
[ Calculate —1RMS. using (21) ]

9RM S

Vi
095 < —RMS < 1 o5
9RMS

[ Calculate ¢ using (22) ]

NO

YES

Fig. 7. Flowchart for filter design of MC.

converter as in (19). The power loss is considered only
due to the fundamental component of the current as most
of the higher order harmonics of the input current pass
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Fig. 8. Bode magnitude plot of the transfer function between grid and

input currents of the MC.

through the filter capacitor. Equations (17)—(19) can be
simultaneously solved to determine L, C, and Ry, i.e.,

I;

IQSWRMS = - 5 (17)
T
(1+5)
Vi _ IiHSWRMS (18)
inswrms — 5
1 1
\/((JJSC - H) + Rifl
Ploss _ IianMs WgLQRd (19)
P Vorms ngz + RZ

6) The design is verified by analyzing the model at grid
frequency, as shown in Fig. 3. It is necessary that the grid
current must be drawn close to a unity power factor, i.e.,
the angle ¢, in (20) must be close to zero, i.e.,

- _, wyL | wyL(R.+ Ry)
—tan ! w,CR,+tan~ ! 29~ _tan~1 L9t )
Pg=tan " wy +tan R an R.R, (1 fngC’)

(20)
If the grid power factor is below a minimum required
power factor pf, then the specification of \; needs to be
changed, and the filter design process is iterated by going
back to Step 4.

7) The voltage drop in the fundamental component across
the filter must be negligibly small, i.e., the ratio
Vintrus/ Vorus Must be close to unity, i.e.,

VianMs o

R, /Ri + ngQ
o —

s JWRLA(R, + R)? + R2R3 (1 - w2LC)’
ey
If there is a large drop across the filter, the specification
A2 is modified, and the filter parameters are recalculated.
8) The damping in the system needs to be tuned to provide
a proper gain at the resonant frequency and maintain
the whole system stable. As shown in the bode plot in
Fig. 8 of the transfer function between grid current and
input current of the MC, the resonant peak of the transfer
function varies with different damping coefficients (.

The value of ( is determined by the damping resistance
selected according to

L L 22)

‘=ap VT

The damping coefficient of the input filter must be greater
than a specified value for stable operation. The minimum
value (i, depends upon the particular application, [35]—
[37]. If the value of the damping coefficient ( of the
designed filter is not within appropriate limits, then the
specification \3 is changed, and the procedure is repeated.

The entire filter design procedure is shown in the flowchart
in Fig. 7. The filter design procedure gives the values of L, C,
and R,. This analysis is done without considering the existence
of grid-side inductance. Note that, in practical implementation,
the grid inductance can be considered as a part of the designed
filter inductor L.

This filter designed at rated power performs well at other
lower power operations. A lesser power rating results in reduc-
tion in load current and, hence, fundamental input current also
[see (5)]. Assuming the MC to be running at same modulation
index and feeding a load with same power factor, the switching
ripple in the input current [i,g,pnus 15 also going to reduce
likewise, (15). Hence, for the designed filter parameters L,
C, and Ry, the ripple component in the grid current (17)
and distortion in the input voltage (18) is going to reduce,
as Jingywrus reduces. Total demand distortion (TDD) specified
by IEEE 519 is the distortion in grid current as a percentage
of the fundamental component at rated power. Hence, the
TDD improves at a lower operating power. The power loss in
the damping resistor is mostly governed by the fundamental
current. The fundamental component of the grid current also
reduces with the operating power. Hence, the power loss is
going to reduce as well. The voltage drop across the filter
remains almost same.

At low power operation, the grid power factor angle rises,
resulting in a lower grid power factor [25], [26]. This is quite
normal at low power conditions, and this problem cannot be
addressed with input filter design. The requirement of high grid
power factor is generally at operations at higher power close
to the rated power of the converter [18]. It has been shown in
the literature that it is possible to improve the grid power factor
angle at lower power rates by modifying the modulation of the
MC in a closed-loop fashion [8].

V. SIMULATION AND EXPERIMENTAL RESULTS

The power electronic converter system in Fig. | with the
modulation strategy described in Section II is simulated with
ideal switches in MATLAB/Simulink. A scaled-down labora-
tory prototype of the MC system implemented with the indirect
topology is developed, as shown in Fig. 9. This section presents
the key simulation and experimental results. The simulation and
experimental results are taken under the same set of operating
parameters and presented together for a direct comparison.

In the experimental setup, integrated power module
APTGT75TDU120PG  and  APTGT75A60T1IG  from
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Fig. 9. Hardware setup.
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Fig. 10.  Variation of input RMS current with modulation index and load
power factor (cos ¢, a: 0.91; b: 0.75; c: 0.5).

Microsemi is used to implement the CSI and the VSI,
respectively. Insulated-gate bipolar transistor driver 2SD106AI
from CONCEPT is used. A field-programmable-gate-array-
based (Xilinx XC3S500E) control platform is used to generate
the PWM signals. A diode-bridge-based clamp circuit is used
for protection. The drive supplies a three-phase R-L load
with switching frequency (1/75) of 5 kHz. Different input
and output frequencies of 60 and 30 Hz, respectively, were
selected to show that the analytical expression (14), although
derived for the same input and output frequencies, remains
otherwise unchanged, as explained in Section II. Fig. 10
provides Iy, /1o as a function of the modulation index and
for three load power factors. The simulated and experimental
points confirm the analytically predicted continuous plots.

For the rest of the simulation and experimental results, the
drive runs a three-phase R—L load and an induction machine.
The first set of results is with R—L load. The grid voltage
used for the experiments is 150-V line-to-line RMS at 60 Hz.
The modulation indices used are m; = 0.9 and my = 0.9/\/3.
The PWM switching frequency (1/7%) is set at 5 kHz. Output
three-phase sinusoidal currents are generated at 30 Hz across an
R-L load with the following parameters: Rjoaq = 6 €2, Ligaq =
27.5 mH, and cos ¢, = 0.75. Using (6) and (15), it is possible
to obtain an MC effective resistance of 21.3 €2 at 60 Hz and
an RMS of input switching current ripple of I =39A,

NSWRMS

respectively. The filter parameters are calculated in Section III
for an allowable ripple of 3% in grid current and input voltage
and power loss in damping resistor 2 x 1072% of total power.
The designed values are L = 0.51 mH, C' = 26.7 uF, and
R4 = 18 Q. The designed filter capacitor values are for a star
connection. In the experimental setup, the filter capacitors are
connected in delta connection, as shown in Fig. 9. For a delta
connection, the effective capacitance value required will be one
third, as compared with a star configuration (C/3).

Fig. 11 shows three-phase output line currents and line-to-
neutral voltage of one phase at 30 Hz. The simulated current has
an RMS of 7.66 A, as analytically predicted. The experimental
waveforms have a slightly lower current RMS of 7.27 A, as
compared with its analytical value of 7.66 A. This can be at-
tributed to the voltage drops across the semiconductor devices.
Fig. 12 shows the input line-to-neutral voltage and switched
line current of phase a of the MC. The RMS value of the input
current is 5.65 A from simulation and 5.64 A from experiments.
The analytically calculated RMS value is 5.65 A from (14),
which very closely matches the simulation and experimental
values. The grid voltage and line current are shown in Fig. 13.
It can be seen that the line current is almost in phase with the
voltage and is nearly sinusoidal (cos ¢, = 0.98). This confirms
almost unity power factor correction. The frequency spectrums
of the four input side waveforms are shown in Fig. 14. As can
be seen, the fundamental components of the input voltage of
the MC and grid voltage are almost equal. Thus, there is a
negligible drop across the filter. In addition, the THD content in
the grid current is very small, which validates the filter design
procedure.

A 1-hp three-phase 230-/460-V 60-Hz four-pole induction
motor is run by the MC under V/f control. The designed
filter values are as follows: L = 0.47 mH, C' = 36.2 uF, and
Ry =12 Q. The selected V/f ratio is 3. The output fre-
quency of the MC is set at 11 Hz, and the corresponding
waveforms are shown in Fig. 15(a) and (b). Different input
and output operating frequencies under V/ f control are shown
in Fig. 15(a). The nonfiltered input current and voltage with
the corresponding filtered grid current and voltage waveforms
are shown in Fig. 15(b) (top and bottom, respectively). This
shows that the designed filter works well with an induction ma-
chine load.

The system was run at different output frequencies with the
same 60-Hz input frequency, and the input RMS current was
measured and is shown in Fig. 16 (top). Then, the system
was run for the same output frequency but different output
alignment angles, and results are shown in Fig. 16 (bottom).
This was done while maintaining all other parameters constant,
and the input current RMS remains constant regardless of the
two parameters, as explained in Section II.

The system was run with different sets of filters for different
allowable ripple specifications in the grid current. Fig. 17 shows
the grid line-to-neutral voltage and grid current for allowable
THD = 1% (L = 0.51 mH, C = 82 puF), THD = 2.5% (L =
0.51 mH, C' = 32.3 uF), and THD = 5% (L = 0.51 mH,C =
15.7 pF). The resulting input power factors obtained are 0.85,
0.972, and 0.993, respectively. This shows that, with the reduc-
tion in the amount of allowable ripple in grid current for a fixed
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Fig. 13. Grid-side line-to-neutral voltage (50 V/div) and filtered grid-side line current (20 A/div), time 10 ms/div. (a) Simulation. (b) Experimental.

switching frequency, the inductance remains almost the same The MC was run at one half the rated power with the same

and the capacitance increases, resulting in a reduction in grid filter, and the results are shown in Fig. 19. This was done

power factor, as shown in Fig. 18. keeping the load power factor and modulation index of the MC
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constant. The fundamental component of grid current has also
reduced to one half. As seen from the fast Fourier transform
(FFT) of grid current, the filter behaves well in meeting the
TDD requirements (TDD = 1.4%). The grid power factor has
slightly decreased. The observed grid power factor at half the
rated power is 0.93.

V. CONCLUSION

A step-by-step design to determine the input LC' filter com-
ponents for an MC has been presented. A simple closed-form
analytical expression has been derived for the input RMS ripple
current. It is found to be independent of the ratio of the input
to the output frequency and depends only on the modulation
index, the load, and its power factor. Based on this analysis,
the MC is modeled for different frequency components, and
simultaneous design equations are derived to calculate the

LC values, based on specifications of allowable ripple in grid
current and distortion in input voltage. The designed filter meets
the THD specifications and ensures near-unity power factor,
negligible drop across it, and minimum loss across the damping
resistor. The MC was simulated in MATLAB/Simulink, and a
laboratory hardware prototype was built to verify the results.

APPENDIX

A. Impact of Input Filter on Grid Power Factor

The design of input filter as described in Fig. 7 aims to meet
the specification of THD in the grid current and obtain a high
grid power factor. The grid power factor is used as an iterative
check for this design. Thus, it is possible that, for a given set
of operating parameters (power and grid voltage), the design
might not converge. The following analysis in this appendix
shows that this will not be the case.
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From (15), the switching ripple in input current [, ;s €an be frequency (kHz)
expressed as a function of the peak load current I, (lingyrus = (b)

k11,). In addition, the switching ripple in the grid current
is decided by the specification A1 (Lggyrms = MLinlpus =
Aksol,). Here, ky from (15) and ko from (5) are functions of
modulation index mj;my and load power factor cos ¢,. The
distortion in the input voltage is related to the capacitor ripple
current by

Ic
ﬁ = Vinswrus = A2 (VQRMS) : 24 _
The real power of the system neglecting the losses can be % i
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(25) ©

This is assuming that the drop for the fundamental component
Fig. 17.  (Top) Grid voltage (50 V/div) and filtered current (5 A/div) with

of the voltage across the ﬁlte{r inductor is small, i.e., Vinipys = (bottom) FFT of grid current for (a) allowable THD = 1%, (b) allowable
Veirus = Vgrus - The reactive power taken by the filter capac-  THD = 2.5%, and (c) allowable THD = 5%.
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(27) Fig. 18. Variation of input power factor with allowable THD limit.
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From the utilization point of view, the converter will be
operated close to the maximum modulation index of 0.866.
A typical value of the load power factor, for example, for an
induction machine load, is 0.8. For a nominal specification of
grid THD and distortion in input voltage to be less than 5%
of fundamental components, the power factor angle depends
on the ratio of grid frequency and switching frequency (¢, =
tan~'(14.5(f,/ fs))). For a switching frequency of 5 kHz and
a grid frequency of 60 Hz, the grid power factor turns out to be
generally high (cos ¢, = 0.985), and it is independent of the
chosen input data (power = P, and voltage = V., ;). From
(27), it can be seen that, to meet a very low THD in grid current,
the power factor can go slightly low, as shown in Fig. 18. This
analysis also shows, as expected, that increasing the switching
frequency results in smaller capacitor and better grid power
factor for a similar set of specifications of grid current and input
voltage THD.

B. Input Filter Capacitor Selection and Inductor Design

This appendix provides a list of specifications required for
the selection of the filter capacitor and the design of the filter
inductor. Completion of this step will result in an estimation of
the volume and cost of the input filter.

The specifications for capacitor selection are as follows.

1) Its magnitude C'.

2) RMS ripple current. For a safe design, it can be taken as
the maximum value of (Lingwrns/Zo)v/ 1 — (A1/100)2
in Fig. 5 multiplied by the peak of the maximum load
current.

3) The maximum voltage across the capacitance must be ap-
proximately the peak of the grid voltage, i.e., \/ngRMS.
This is because, in a successful design, the voltage drop
across the inductor is small and the voltage ripple in the
input voltage of the converter is also negligible.

The list of specifications for inductor design is as follows.

1) The magnitude of the inductance L.

2) Maximum value of the peak of the fundamental compo-
nent of the current, here, the grid current. For a proper
design, as the reactive power drawn by the input filter

is small at rated power, the peak of the grid current is
independent of the designed filter, i.e., v/2P/3Vjs-

3) Ripple current in the filter inductor. If the designed filter
meets the specifications of grid THD (< 5%), this ripple
can be neglected.

From these specifications, following a standard design pro-
cedure as described in [38], it is possible to obtain an actual
estimate of the volume and cost of the filter inductor.
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