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A Single Carrier-Based Pulsewidth Modulation
Technique for Three-to-Three Phase Indirect
Matrix Converter

Payal P. Patel

Abstract—TIn this article, a new carrier-based pulsewidth mod-
ulation (CBPWM) technique is presented for three-to-three phase
indirect matrix converter (IMC). The main feature of this tech-
nique is the use of single triangular carrier to obtain the switching
signals for both converter stages of the IMC. Simplified modulation
equations calculated independently from the sector judgements
and space vector pulsewidth modulation (SVPWM) technique are
proposed for the bidirectional rectifier and inverter stages of the
IMC. As a result, the presented CBPWM technique is implemented
easily with the reduced complexity as compared to the conventional
single carrier-based CBPWM techniques developed based on the
SVPWM technique. This new technique features all the benefits as-
sociated with the conventional CBPWM techniques of the IMC, i.e.,
sinusoidal input/output waveforms, voltage transfer ratio of 0.866
and generation of the switching signals independent of the lookup
tables. The simulation model of the IMC is developed in the PSIM
environment to verify the performance of the proposed CBPWM
technique. The laboratory prototype for the IMC is developed
based on the proposed scheme using the DSP and FPGA devices.
The experimental results are included to support the simulation
results.

Index Terms—Carrier-based pulsewidth modulation
(CBPWM), FFT, matrix converter (MC), modulation index,
overmodulation, space vector PWM, voltage transfer ratio.

1. INTRODUCTION

HE matrix converter (MC) is an “all semiconductor” device

first introduced by Alesina and Venturini [1] in the 1980s
for direct ac—ac conversion. The interesting features of the MC
are bidirectional power flow, sinusoidal input/output waveforms,
compact design, and the adjustable input power factor. Two MC
topologies, namely, direct MC (DMC) and indirect MC (IMC)
are alternatively used to accomplish the ac—ac conversion pro-
cess [2]-[4]. The topology of three-to-three phase (3 x 3) DMC
consists of nine bidirectional switches in form of matrix connect-
ing the three input phases with the three output phases [2]. In the
3 x 3 IMC, the three-phase bidirectional current source rectifier
(BCSR) (six bidirectional switches) and conventional two-level
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voltage source inverter (VSI) (six unidirectional switches) stages
are connected back to back forming the virtual dc-link between
the two converter stages [3], [4]. Both topologies provide the
similar performances with the reference to input/output wave-
forms, number of switches and the voltage transfer ratio (VTR).

The IMC topology is receiving more recognition recently
owing to some important benefits over the DMC topology. The
IMC provides the benefits of simple commutation and protection
as compared to complex commutation and protection of the
DMC topology. Also, the IMC topology provides the possibility
of modifying the structures of current source rectifier (CSR)
or VSI stages. The research in the field of IMC is mainly
concentrated on the topological structures, control algorithms,
commutation strategies, common mode voltages, performance
under unbalanced supply, and improving the VTR [5]-[11].

The control of the IMC has also remained an interesting topic
for the researchers owning to the decoupled rectification and
inversion stages [12]-[26]. The modulation strategies of the
IMC are classified in two categories: 1) space vector pulsewidth
modulation (SVPWM); and 2) carrier-based pulsewidth mod-
ulation (CBPWM). The SVPWM for the IMC topology was
first presented in [3]. It has become the most extensively used
control technique for the IMC because of its superior perfor-
mance [12]-[16]. However, the SVPWM method is difficult to
implement on the account of complex calculations based on the
sector judgements and lookup tables.

On the other hand, the CBPWM techniques have been widely
examined to control the IMC topology [17]-[21]. The CBPWM
techniques overcome the abovementioned problem of SVPWM
method up to some extent. These CBPWM techniques generate
the gating signals by comparison of the modulation waves with
the carrier of high frequency and therefore provides the simple
implementation as compared to the SVPWM technique. Wang
and Venkataramanan [17] proposed a new CBPWM algorithm
for the IMC with the aim of reducing the computational com-
plexity by using the simple and robust commutation. A digital
CBPWM technique is proposed in [18] for reducing the switch-
ing commutation count and smooth sextant transitions in the
IMC. Chiang and Itoh [19] presented a carrier-based scheme to
expand the VTR beyond 0.866 for the IMC. The carrier-based
discontinuous pulsewidth modulation (PWM) schemes are pre-
sented in [20] and [21] to minimize the switching losses of IMC.

Howeyver, the above CBPWM methods use the different car-
riers for the both conversion stages of the IMC. The BCSR
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Fig. 1. IMC topology.

stage uses the symmetrical triangular carrier whereas the VSI
stage uses the carrier with the variably increasing and de-
creasing slopes in accordance with the BCSR stage switching
instants. This leads to the poor stability and complex imple-
mentation. The concept of using a single triangular carrier to
overcome the abovementioned drawback of the conventional
CBPWM is presented in [22]-[26]. Among these, the CBPWM
method presented in [22] is developed for 3 x 3 IMC topology.
Whereas the CBPWM schemes presented in [23] and [24] are
developed for the dual output IMC topologies. The CBPWM
schemes in [25] and [26] are developed for three-to-five phase
IMC and three-level IMC topologies, respectively. These sin-
gle carrier-based techniques derive their required modulation
equations using the duty ratios calculated based on the SVPWM
technique.

In this article, a new single CBPWM technique is presented
to solve the aforementioned constraint of the standard single
CBPWM technique of the IMC topology. The simple modulation
equations are derived in this technique without using the duty
ratios calculated based on the SVPWM technique and the sector
judgements. Therefore, this new technique can be easily imple-
mented without complex calculations as compared to existing
single CBPWM methods. The modulations of the BCSR and
VSI stages are based on the dead-band PWM (DPWM) and
third harmonic injection PWM (THIPWM) techniques initially
developed for the conventional PWM voltage/current source
converters. Both these techniques are characterized by the in-
creased voltage gain and the simplicity of gate pulse generation.
The presented modulation technique provides the similar perfor-
mance to that of the existing CBPWM techniques with reference
to input/output waveform qualities and VTR.

The rest of this article is organized as follows. The 3 x 3
IMC topology is explained with the operation in Section II.
Section III includes the derivation of the proposed CBPWM
technique for the IMC based on the DPWM and THIPWM
schemes of the conventional converters. Sections IV and V
include the simulation and the experimental test results, respec-
tively, to validate the presented new CBPWM technique. Finally,
Section VI concludes this article.

VSI stage

II. 3 x 3 PHASE IMC ToPOLOGY WITH OPERATION PRINCIPLE

The 3 x 3 phase IMC topology with the BCSR and the VSI
stages is shown in Fig. 1 [3]. The BCSR stage is analogous to
the conventional CSR consisting of upper and lower group of
bidirectional switches represented by Sj, and S, respectively,
for k € {a, b, c}. The six bidirectional switches of the BCSR
stage are controlled to synthesize the positive dc-link voltage
(Vi4e) and the sinusoidal supply currents. The VSI stage of IMC
is analogous to the standard two-level VSI with the upper and
lower group of unidirectional switches represented by S; and
S”, respectively, for j € {A, B, C'}. The controlling of the six
VSI stage switches produces the desired output voltages. The
LC filter connected on the supply side of the IMC is shown in
Fig. 1. The output of the IMC is connected with the three-phase
star connected inductive load.

The three-phase balanced supply voltages applied to the IMC
are represented by the following expression:

V. sin(w;t)
Vo | = Vin |sin(w;t — 2F) (1)
Ve sin(w;t + 2)

where V;,, and w; represent the peak amplitude and the angular
frequency of the supply voltages.

The main contribution of BCSR stage in the IMC is to furnish
the positive dc voltage (Vg.) to the VSI stage. The voltage
produced on the dc-link of IMC is related with the input volt-
ages [V,, V4, V|7 by the rectifier switching function which is
expressed as [27]

Va
+%Vdc _ Sa Sb Sc v (2)
_%Vdc S(/,L Slly Sé Vb '

The safe operation of the BCSR stage of IMC is ensured
by considering the following conditions while developing the
rectifier switching functions:

{Sa+5b+5c1

3
S, +S,+ S, =1. ©)
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Fig. 2. Modulation of IMC using conventional carrier-based schemes.

V
Conventionally modulated VSI

The VSI stage of IMC produces the required output voltages
with the required frequency. The output voltages [Va, Vi, Vo] T
are related with the dc voltage by the inverter switching function
as represented by the following expression [27]:

Va
V| =
Ve

Sy S
Sp S
Se S

“F%Vdc
*%Vdc

. “

The safe operation of the VSI stage of IMC is ensured by con-
sidering the following conditions while developing the inverter
switching function:

SA+Sf4=1
Sp+ S5 =1 5
Sc-I-S/c:l.

Finally, the output voltages [Va, Vg, Vc]|? and the input
voltages [V, V4, V] of the IMC are related by the following
expression [20]:

Va S Sil e s s |
Ve| = 1S S }3 57 S Sf V (6)
VC SC S/ct a b c ‘/C

where the switch S, is turned ON when S, = 1 and turned OFF
when S, = 0.

Fig. 2 shows the modulation of IMC for the one sam-
pling period when the switching functions of BCSR and
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VSI stages are determined by the conventional CBPWM
schemes [3], [17], [18]. The synchronization between input
and output stages of the IMC is required in order to obtain
the balance between input and output quantities. By aligning
the peak of the VSI stage carrier with the switching instants of
the BCSR stage, as shown in the Fig. 2, the synchronization is
established between two stages. The generation of the switching
pulses S,, S;, and S/, for the BCSR stage are shown by the
comparison of two duty cycles 6, and §, + J;, with the triangular
carrier [17], [18]. Whereas the switching pulses S 4, Sp, and S¢
for the VSI stage are shown to be produced by comparison of
modulation signals M4, Mp, and Mo with the carrier having
the variable rising and falling slopes [17], [18]. It is clearly
observed that the switching instants created at ¢; and ¢5 on the
BCSR stage are aligned with the zero voltage states of the VSI
stage due to the synchronization of both stages. This enables the
BCSR stage swtiches to commutate at the zero currents which
is termed as zero current switching (ZCS) operation. The ZCS
provides the high efficiency operation of the IMC by eliminating
the switching losses of the BCSR stage. In addition, the ZCS
allows the two-step commutation which reduces the complexity
of implementation [3]. The ZCS operation of the BCSR stage
requires the VSI stage to operate with the modulation index less
than unity in order to produce the zero voltage stages, as shown
in Fig. 2.

The synthesize of dc voltage by the BCSR stage in the given
sampling period is also shown in Fig. 2. It is assumed that
the maximum and medium line voltages available in the given
sampling period are V; and V., respectively. In the duration ¢,,,
the switches S, and S are operated to synthesize V;. from the
input line voltage V,,;. Similarly, in the duration ¢;, the dc-link
voltage is synthesized from the input line voltage V,. by the
operation of the switches S, and S’.. The zero switching states
are eliminated from the BCSR stage to obtain the maximum
dc voltage for the VSI stage as shown in Fig. 2. For this,
the duty cycles d, and &, of the BCSR stage are modified
(normalized) such that the addition of d,, and d; becomes unity
[17], [18].

III. PROPOSED SINGLE CBPWM TECHNIQUE

In the proposed CBPWM technique, the BCSR and the VSI
stages of IMC are analyzed by the two independent carrier-based
modulation techniques. These carrier-based techniques are orig-
inally developed for the conventional PWM rectifier (CSR) and
two-level inverter (VSI) topologies. Section III-A derives the
modulation scheme for the BCSR stage based on the DPWM
scheme of CSR presented in [28]. Similarly, Section III-B in-
cludes the derivation of modulation scheme for the VSI stage
based on the THIPWM scheme of the traditional VSI [29], [30].

A. Derivation of Modulation Scheme for BCSR Stage of IMC

The DPWM scheme presented in [28] for the conventional
CSR is explained in Section III-A1. Section III-A2 explains the
modifications incorporated in the original scheme to extend its
application for the BCSR stage of IMC.
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1) Modulation of Conventional CSR: Three input dead-band
modulation waves are calculated from the balanced supply volt-
ages which are given as follows:

me - sin (wit—ﬂ—i-gé) for Q”k <wt <
27 (k+2
(3+)+¢

27 (k+1)
3

Y, —Me - sin (wit —
cabc =

27'r(k+1) ) 27 (k+2)

20D < it < 2SR

27 (k+2) 27 (k+3)
0,for —5= S w;it < —5—

(N

where M, represents the three input modulation signals M,
M.y, and M. obtain for k € {0, 1,2}. m. and ¢ represent the
modulation index and the required displacement angle between
supply voltages and currents, respectively. The modulation index
is deﬁned as the ratio of the peak input current to the dc-link
current ;’ for the CSR. As the modulation waves are derived
directly from the supply voltages, ¢ is zero resulting in the unity
power factor.

Fig. 3 shows the modulation scheme presented in [28] for the
conventional CSR. Following are the steps to obtain the gate
pulses for the CSR switches as per the scheme.

1) The modulation signals M., M.y, and M, are compared
with the sawtooth carrier to obtain the three corresponding
switching patterns represented by s;;, for k € {a, b, c}.

2) The basic switching pulses for the six CSR switches are
determined by combining the switching patterns of two
phases obtained in step-1 to produce the expected PWM
line currents. Switching pulses s,, sp, s. belong to the
upper switches and s/,, s;, s/, belong to the corresponding
lower switches.

3) The shorting pulses s, are produced using the basic
switching pulses obtained in the step-2, as shown in Fig. 3.
The generation of the shorting pulses sg. indicates the
absence of switching pulses either on the upper group of
switches (S, = 0,5, = 0,.S. = 0) or on the lower group
of switches (S, = 0,5} = 0,5, = 0). In order to avoid
this situation to ensure the safe operation of CSR and to sat-
isfy (3), the shorting pulses are required to be distributed
uniformly among all the switches. The distribution pulses
Sd1, Sq2, and sg3 obtained based on the modulation signals,
as shown in Fig. 3 are used to distribute sg. uniformly
among all the six switches of CSR.

4) Finally, the gate pulses S,, S, S for the upper and S, 5},
S’ for the lower CSR switches are determined, as shown
in Fig. 3.

The modulation of conventional CSR topology with the above
modulation scheme provides the required output dc-voltage with
the sinusoidal supply currents.

2) Modulation of BCSR Stage of IMC: The dc-link voltage
of the IMC, V. pulsates at the frequency six times the supply
frequency due to the lack of energy storing element. Therefore,
the modulation waves of (7) are modified in order to use it for the
BCSR stage of IMC. The modulation index m.. in (7) assumes
the constant instantaneous value due to the fixed amplitudes of
input and dc-link currents in the conventional CSR modulation.
To compensate the effect of pulsating V. on the supply currents,
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Fig. 3. Dead-band modulation scheme of conventional CSR topology.

m. is modified based on its relation with the dc-link voltage. For
that, the following relation between input and output powers of
the BCSR stage is considered assuming the ideal converter

3‘/1'71, Iin COS¢ = VdCIdC

3 ‘/’H'L ITVL

— Vo Incosp = Vyed, v Vin = s =

12 . ¢ dcddc ( \/i \/§>
E": = 3‘/2: =m. (. cosp=1)

®)

where V. and 14, are the dc-link voltage and current, respec-
tively. Vi, and I;,, are the rms values of input phase voltages and
currents, respectively. Similarly, V,,, and I,,, represent the peak
amplitudes of input phase voltages and currents, respectively.
The symbols “-” and “.”” used in (8) represent “therefore” and
“because,” respectively. Equation (8) yields the relation between
m. and dc voltage V.. Therefore, in order to consider the effect
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of the ripple present in the V4., modulation signals of (7) are
modified as given

m., - sin (wl-t - M + (;5) for 2”’“ <wit < 2w(1§+1)
—m, - sin (wit - w + (;5) , for
2w (k1) A 27 (k+2)
T3 Swits Ty
it < 27r(§+3)

* p—
cabc ™

0, for w <w
9)

where m., = m,. - Viip- Viip represents the per unit dc voltage
with the ripple component which is similar to the output voltage
of three-phase diode rectifier. Vnp is calculated using the input
line voltages, as given by (10). M, . represents the three modi-
fied input modulation signals M, M7, and M, for the BCSR
stage of IMC. Considering the relation between mC and m.,, the
modified modulation signals M} , = are related with M 4. by

. : . cabce
the expression given in (11)

maxlvab7 me ‘/ca|

Viip = (10)
! \/g : Vm
where V5, Vi, and V., are the input line voltages
cabc — Vmp M(‘ab( (11)

Now, according to step-1 of the modulation scheme presented
in Section III-A1, M} , . are compared with the carrier wave to
obtain the three switching patterns for the BCSR stage. However,
in the present work, the unipolar triangular carrier is used instead
of sawtooth carrier. Then, following the steps-2—4 given in
Section II-A1, the six gate signals for the bidirectional switches
of the BCSR stage are obtained. Fig. 4(a) represents the PWM
of the BCSR stage using the modulation procedure explained
above in the linear modulation range (0 < m/, < 1).
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Carrier-based modulation of BCSR stage with (a) linear modulation range (0 < m/, < 1) and (b) overmodulation (m,, = 1.07).

DC-link voltage produced by the modulation of BCSR is
expressed as follows, which is derived based on (8)
Vie = gvmm’c cos . (12)
According to the above equation, the maximum average value
of Vg. is 1.5V}, obtained at unity modulation index (m, = 1)
and input power factor (cos¢ = 1). However, due to the presence
of zero switching states for the linear range of m/,, as shown in
Fig. 4(a), the available dc voltage for the VSI stage is reduced.
Therefore, it is required to eliminate the zero voltage states from
the dc-link voltage which provides the performance similar to
that obtained by the conventional control of the BCSR stage of
IMC as discussed in Section II.

Fig. 4(a) shows the PWM of BCSR stage by the comparison
of modulation signals M}, M}, and M}, with the triangular
carrier. In the given sampling period, M}, and M}, assume
the highest (M, M ) and lowest (M, . = 0) amplitudes,
respectively. It is observed that due to the intersection of M/,
with the carrier wave, the gating signals for the upper and lower
switches S, and S/, of the BCSR leg are produced. Turning ON of
the switches in the same BCSR leg for the duration ¢y produces
the zero dc voltage, as verified from Fig. 4(a). Therefore, it is
required to prevent the intersection of modulation signal having
the highest amplitude (M}, ,,.) with the carrier wave to eliminate
the zero voltage states from V.. Modulation signal with the
highest amplitude among M, . are represented as M .. and
calculated as

M*

max

= max (M

ca’ cva* ) (13)

In order to avoid the intersection of M}, .. with the carrier
wave, one alternative is the overmodulation operation of BCSR
stage. However, the purpose of increasing m/, here is not to

produce the maximum possible value of dc voltage similar to the
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Fig. 5. Estimation of M .. range using M qp. and Viip.

diode rectifier. Therefore, it is interesting to find the minimum
value of overmodulation which is enough only to eliminate the
zero voltage states from V.. This value of overmodulation can
be estimated by finding the range of M, amplitudes which
constitutes M*

max-*

The derivation of M} , using M. and V;ip, based on the
relation givenin (11), is represented graphically inFig. 5. To find
the range of maximum amplitudes M .. of Mg‘abc, the interval

g, =] is considered, as shown in Fig. 5. M, is shown to
be obtained from M ,,x (maximum amplitudes of M ,p.) and
Viip- The waveforms of M. are considered with the peak
amplitude of unity (m. = 1). The peak amplitude of V;;, is also
unity, according to (10).

For the given interval [3, = ], Mmax follows V, whereas
Viip follows Vi, in interval [%, 5] and V. in interval [F, 2; ]
as shown in Fig. 5. Therefore, for the given interval, M} . is
expressed by the following:

. . T T 0

sin (w;t) - sin (wit + 7) Jor — <wit < =

_ 6 3 2
flwit) = ™ T 2
sin (w;t) - sin (wit — E) , for 5 <wit < )

(14)

where f(wz ) Mr;lax
Now, to derlye the range of M} .. graphically, various test
points a , b, ¢, and d are considered on Mcqpe at wit = %,
Sm w

20 . . . o
15> 5 and =, respectively. Corresponding points a , b, ¢, and

d on Viip are also shown in Fig. 5. The calculated amplitudes

4% Tt

of the corresponding points a, b, ¢, and d of M, = according to
(11) belong to M. ..., as shown in Fig. 5. The highest and lowest
amplitudes obtained for M .. are 0.933 and 0.866 for the given
amplitudes of M,y and Vijp,.

Theoretically, the extreme (highest and lowest) amplitudes
of M} . for the given interval are obtained by applying the
condition f’(w;t) = 0 to (14). f'(w;t) represents the derivative
of f(w;t) withrespecttow;t. Fortheintervals [, T]and [ 2m

273
the conditions to find the extreme points of M}, .. are expressed
by

flwit) =

Aoord) {sin (wit) - sin (wit + %)} =0 (1%

fwit) = {sin (wit) - sin (wit - I)} =0. (16)

d

The solution of (15) and (16) provide w;t = and respec-
tively. The extreme amplltudes obtained for Mr’;ax at wlt = ﬁ
and 7” (f(5%) and f ( 7)) are equal to 0.933. The amplitudes
obtalned for M;;nx at the ends of two intervals [, 5] and [F,
27T] are equal to 0.866. By companng the amphtudes of M} ..
obtarned at the extreme pornts (wzt = and 15) and at the ends
of the two intervals (w;t = %, 5 and 2’T) the hrghest and lowest
amplitudes obtained are 0.933 and 0.866, respectively.

Thus, the graphical as well as theoretical methods provide the
same highest and lowest amplitudes of M . equal to 0.933 and

0.866, respectively. As aresult, the range in which the amplitudes
of M} .. varies is 0.067 which amounts 7% portion of M*

max cabe*
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Therefore, in order to eliminate the intersection of M . with
the carrier wave, this 7% part of M . requires to be raised
above the carrier wave by increasing m/, to 1.07.

Atm = 1.07, M} .. completely rises above the carrier wave
(saturates at unity) and consequently no zero voltage states are
created in the dc voltage. This is an easy alternative to eliminate
the zero voltage states from Vg, without complex modifications
in the modulation waves. With m_, = 1.07, the value of average
dc-link voltage is slightly more than 1.5V, as per (12).

It is known that the overmodulation operation of the converter
injects the lower order harmonics into the converter output
voltages and supply currents [31]-[36]. As the unmodulated
portion of the modulation signal increases with the increase in
modulation index, the harmonic injection into the output voltage
and supply current waveforms are increased. The harmonic
injection is highest when CSR and VSI operate in the six-step
mode. For the traditional CSR, the range of variation obtained
for the maximum amplitudes of M qp. (Max) is 14% as verified
from Fig. 5. Therefore, m,. required to eliminate the zero voltage
states from the CSR operation is 1.14 with the same reason
explained previously for the BCSR operation. The overmodu-
lation operation of the CSR injects the lower order harmonics
into the supply currents due to this 14% unmodulated portion of
M qpc. On the other hand, the elimination of zero voltage states
from V., the BCSR operation requires 7% overmodulation as
compared to 14% overmodulation of the traditional CSR. As a
result, the unmodulated portion of the modulation signals in the
BCSR operation remains less as compared to conventional CSR
operation. Therefore, the harmonic injection into the supply cur-
rents of the BCSR stage is less as compared to the conventional
CSR. Also, with m/, = 1.07, the BCSR stage does not reach to
the six-step operating mode and therefore the current distortion
is not in the highest amount.

Fig. 4(b) illustrates the PWM of the BCSR stage with the
overmodulation operation as explained above. For the given
sampling period T, the switching signals S,, S;, and S, are
shown to be generated by comparison of M}, , M}, and M},
with the triangular carrier. Here, M. (M},) is saturated at
unity due to the overmodulation operation. It is observed that the
intersection of modulation signal having the medium amplitude
(M}, = M ,4) with the carrier wave creates the switching in-
stants ¢4 and ¢, for the generation of Sj and S7.. M ., represents
the medium amplitudes of the modulation waves M , . and is
obtained by (17). The ON durations of the switching signals
S;, and S, are represented by ¢, and ¢, as shown in Fig. 4(b).
Knowing the values of M, and Ty, the switching durations
t, and ¢, are easily calculated using the expressions of (18) and
(19). t, and t; obtained here are used to produce the carrier
wave of VSI stage in the conventional modulation schemes to
synchronize both converter stages of the IMC

M;id = mid(Mc*a’ c*b7M2(c) (17)
ta = TS ' Itlid (18)
by =Ts —tqg="Ts- (1 - :;aid) : (19)

The CBPWM scheme developed in this section provides a
simple control for the BCSR stage of IMC without using the
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complicated duty cycle calculations, lookup tables and sector
judgments.

B. Derivation of Modulation Scheme for VSI Stage of IMC

The THIPWM scheme of the conventional VSI presented
in [29] and [30] is explained in Section III-B1. The new modu-
lation scheme developed for the VSI stage of IMC is explained
in Section III-B2.

1) Modulation of Conventional VSI: The modulation signals
for the traditional VSI are calculated using (20) according to
THIPWM scheme. Here, the offset value 0.5 is added to the
modulation signals to enable its comparison with the unidirec-
tional carrier wave

o [ ok ,
Myapc = My {sm (wot — g) + 0.17sm3w0t} + 0.5

2

(20)
where M, 4pc represents the three output modulation signals
Mya, My,p, and M,¢ for k € {0,1,2}. w, represents the re-
quired angular frequency of the output voltages. m,, represents
the modulation index which is defined as the ratio of peak
amplitude of the required output voltage (phase quantity) to the
input dc voltage \/;dc . For the specific output voltage condition in
the conventional VSI, V,,,, is constant in addition to the constant
input dc voltage V.. As a result, the instantaneous amplitude of
m,, is considered constant for a given output voltage.

The comparison of modulation signals M, 4 ¢ with the uni-
directional carrier wave produces the required gate pulses for
the traditional VSI switches.

2) Modulation of VSI Stage of IMC: Inthe IMC, as discussed
in the previous section, pulsating V. is produced due to the
absence of energy storing element. Therefore, it is necessary to
modify the modulation signals of (20) to compensate the effect
of V. ripple from the output voltages. The modified modulation
signals M\ are obtained by modifying m, based on its
relation with V. as given in

' ok
% {sin (We - g) +0.17sin 3w0t} 105

(2D
where m! = ‘T,:’:; as per the definition of m, described in
Section III-B1. In order to create the zero voltage states on the
VSI stage and hence enabling the ZCS operation of the BCSR
switches, m/, is always selected in the range 0 < m) < 1, as
discussed in Section II.

As discussed in Section II, in order to produce the balance
between input and output voltages as well as to obtain the ZCS
on the BCSR stage, it is required to synchronize both stages of
the IMC. In the conventional CBPWM techniques, this target
is achieved by aligning the peak of the VSI carrier wave with
the switching instants created on the BCSR stage. Fig. 6(a)
illustrates the PWM of VSI stage synchronized with the BCSR
stage operation for the one sampling period 7. It is shown that
the switching durations ¢, and ¢; of the BCSR stage are used
to produce the rising and falling slopes of the VSI stage carrier
wave. The comparison of the modulation wave My, with this
carrier wave producing the switching signal S 4 for the VSI stage

*
Myapc =
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is shown in Fig. 6(a). Corresponding pulse durations of S4 are
represented by ¢ and ¢4 which are also shown in Fig. 6(a). t1 and
t4 are obtained by the comparison of My, with the carrier slopes
derived based on the switching duration ¢, and ¢; of the BCSR
stage, respectively. Therefore, for the given switching durations
tq and t, as well as modulation signal My, ,, the ON state
switching durations ¢; and t4 of S 4 can be calculated as given by

ty =tq  Myy=Ts Myq- Mya (22)
ty=1ty My, =Ts (1 = Myq) Myy. (23)

The proposed modulation technique establishes the synchro-
nism between the two stages of IMC without producing the
carrier with variable slopes for the VSI stage. For that, the
switching durations ¢, and ¢, of the BCSR stage are used to
modify the modulation signals of VSI stage instead of modifying
the carrier wave of VSI. The new modulation signals should
be able to produce the switching signals for the VSI stage
with the same pulse durations as produced in the conventional
modulation schemes.

Consider the switching durations ¢; and ¢4 expressed by (22)
and (23) obtained by the conventional modulation of the VSI
stage. The new modulation signals M, 4, and Mj,,, corre-
sponding to the durations ¢; and T — ¢4 are calculated in (24)
and (25), respectively, for My, 4. In the similar way, the new
modulation equations M, 5, and My, 5, as well as My, and
M, oo corresponding to My, 5 and My, - are derived for phase-B
and C, respectively.

Now, M;, 4, and My, ,, are compared with the triangular
carrier which generates the two switching signals S4; and
S 42, as shown in Fig. 6(b). The ON switching state of S4;
and OFF switching state of S4o correspond to the durations
t1 and t4, respectively. Therefore, S4; and S 4o are combined
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PWM of VSI stage with (a) conventional carrier-based modulation technique and (b) proposed modulation technique.

appropriately (X-NOR operation) according (26) to obtain the
switching pattern S, which is similar to that obtain by the
conventional modulation scheme shown in Fig. 6(a). Similarly,
the switching patterns of Sp and S¢ for phase-B and C are
determined, respectively

t

Miay = 70 = Miya - Mia (24)
. ly . .

My o =1- T L= ((1= Myia) - Mys)  (25)
Sa=S8a1-Sa2+ Sa1-Sas. (26)

The modulation equations derived in (24) and (25) are simple
and require only M., of BCSR stage and basic modulation
signal My, ,. The new control schemes developed in this article
for the BCSR and VSI stages of IMC are included in Fig. 7.
The various modulation signals obtained corresponding to the
BCSR and VSI stage control are also represented in Fig. 7.

The voltage gain of the BCSR stage (ratio of average dc-link
voltage to the peak input phase voltage, qr) attains the value of
3/2 (slightly more than 3/2 atm/, = 1.07) due to the elimination
of zero voltage states as discussed in the previous section. The
introduction of the third harmonic in the fundamental modulat-
ing wave increases the voltage gain of the VSI stage (ratio of
peak output phase voltage to the average dc-link voltage, gy-) to
1/ v/3 [30]. Therefore, overall VTR (gr) of the IMC is obtained
by the following expression:

3.1 _V3

QTZQR'szg'ﬁz 5
The control of BCSR and VSI stages of the IMC does not

require any complex calculations based on the lookup tables or
space vector modulation. The CBPWM of both converter stages

27)
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TABLE I
SIMULATION PARAMETERS

Parameter Value
Supply voltages (V) 80 V
Supply frequency (fs) 50 Hz
Input filter resistance (Ry) 58 Q2
Input filter inductance (L f) 1 mH
Input filter capacitance (C'y) 15 pfF
Load resistance (Ry,) 10
Load inductance (L) 10 mH
Voltage transfer ratio (g7) 0.75
Load frequency (fo) 50 Hz
Carrier frequency (fe) 5.7 kHz

using the simple modulation equations and a single triangular
carrier reduces the complexity of implementation up to the great
extent.

IV. SIMULATION RESULTS

The simulation of the IMC topology with the proposed mod-
ulation technique is carried out using PSIM environment. The
input and output performances of the IMC obtained with the
presented technique are compared with those obtained by the
SVPWM technique of IMC in this section. The selection of
the various parameters used in the simulation are according to
Table I.

The simulation waveforms of the various control circuit sig-
nals generated by the presented CBPWM scheme are repre-
sented in Fig. 8. The modulation waves of the BCSR stage (M)

Myat ; '~ 20ms/div
(a)

— Sa s :
Sa e 1
e L
SL_I ffffff L L

C : ' ;

(¢)

Fig. 8. Simulation results. (a) BCSR and VSI stage modulation signals. (b)
BCSR stage switching signal S, and VSI stage switching signals S4, Sp, Sc.
(c) VSI stage switching signals Sa1, Sa2,and S4.
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(b)

Fig. 9. Simulation results. (a) Switching signals S, Sy, and S, for the upper
group of BCSR switches. (b) Switching signals Sy, S}, and S, for the lower
group of BCSR switches.

and the VSIstage (M), , M<a1, M) are depicted in Fig. 8(a).
Fig. 8(b) depicts the commutation of the BCSR switch S, with
reference to the upper inverter switches S4, Sp, and S¢. The
ZCS of the switch S, is clearly observed. The switching signals
Sa1, Sao, and S 4 of the VSI stage are shown in Fig. 8(c). It is
shown that the switching signal S4 is obtained by the logical
operation of S 41 and S 42, as given in (26). The switching pulses
obtained for the upper and lower group of BCSR switches are
shown in Fig. 9(a) and (b), respectively.

The simulation results of the power circuit obtained for the
presented CBPWM technique and SVPWM technique are il-
lustrated in Figs. 10 and 11, respectively. Fig. 10(a) includes
the simulation results of the supply voltage (V,,), supply cur-
rent (I,,), and dc-link voltage (Vj.) waveforms obtained by the
new CBPWM technique. It is observed that the waveforms of
Fig. 10(a) are nearly equal to the waveforms represented in
Fig. 11(a). The supply current is near to sinusoidal nature and
in phase with the supply voltage for the both techniques. The
zero voltage states are completely eliminated from the dc-link
voltage due to the overmodulation operation (m/, = 1.07) of the
BCSR stage, as per the discussion of Section III-A2. Whereas,
the zero voltage states in the SVPWM technique are eliminated
by normalizing the duty cycles of BCSR stage, as discussed in
Section II.

Figs. 10(b) and 11(b) represent the load side waveforms of
phase voltage (V4), line voltage (V4 ), and current (1 4) for the
presented new CBPWM and SVPWM techniques, respectively.
As observed, the load current waveform is nearly sinusoidal for
the both modulation techniques. The waveforms of V4 and V4 g
are also similar in nature for the both cases.

Figs. 10(c) and 11(c) represent the harmonic spectrums of
supply and load currents for the new CBPWM and SVPWM
techniques, respectively. The supply current THD are 5.5%
and 4.9% in the new CBPWM and SVPWM techniques,
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Fig. 10.  Simulation results of proposed CBPWM technique. (a) Supply volt-
age (Vy), supply current (1, ), dc-link voltage (V). (b) Load side phase voltage
(V4), line voltage (V4 ), load current (1 4). (c) Harmonic spectrums of supply
current (/) and load current (1 4).
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Fig. 11. Simulation results of SVPWM technique. (a) Supply voltage (Vy,),
supply current (/,), de-link voltage (V.). (b) Load side phase voltage (V4),
line voltage (V4 g), load current (1 4). (c) Harmonic spectrums of supply current
(I,) and load current (1 4).
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respectively. The load current THD measured for the CBPWM
and SVPWM techniques are 1.4% and 1.1%, respectively. The
supply and load current THD for the new CBPWM technique
are little more than those obtained in the SVPWM technique.
This is due to the overmodulation operation of the BCSR stage
of the IMC adopted for the elimination of the zero voltage states
from the dc voltage. However, there is no significant difference
between THDs of the supply and load currents in presented
CBPWM and SVPWM techniques.

From the simulation results presented in this section, it is
confirmed that the presented CBPWM technique yields the
required input and output performances same as the conventional
modulation techniques of the IMC.

V. EXPERIMENTAL RESULTS

The experimental setup of the IMC is developed in the labora-
tory to approve the performance of the proposed CBPWM tech-
nique, as shown in Fig. 12. The control part of the proposed tech-
nique is implemented by using the 32-bit DSP (TMS320F28335)
and FPGA (SPARTAN-6). The various calculations required to
generate the modulation waves as well as PWM signals of the
BCSR and VSI stages are performed by the DSP. The various
logical operations and the commutation delay required to apply
on the PWM signals of the BCSR and VSI stages are performed
in the FPGA. The BCSR and VSI stages of the IMC have
been built using the power IGBTs-FGA25N120ANTD. The
parameter values used in the experimental setup are indicated in
Table II.

The experimental results of the control circuit are shown in
Figs. 13 and 14. Fig. 13(a) shows the modulation signals M,
and M;;, of the BCSR and VSI stages. The ZCS operation of
the BCSR stage as well as the relation of the switching signal
Sy with Sy and S4o of the VSI stage are clearly verified in
the Fig. 13(b) and (c), respectively. The switching signals for the
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TABLE II
EXPERIMENTAL PARAMETERS
Parameter Value
Supply voltages (V) 80 V
Supply frequency (fs) 50 Hz
Input filter resistance (R f) 68
Input filter inductance (L) 2.7 mH
Input filter capacitance (C'y) 10 uF
Load resistance (Ry,) 10 ©
Load inductance (L) 10 mH
Voltage transfer ratio (qr) 0.75
Load frequency (fo) 50 Hz
Carrier frequency (fe) 57 kHz
]
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Fig. 13.  Experimental results. (a) BCSR and VSI stage modulation signals.
(b) BCSR stage switching signal S, and VSI stage switching signals S 4, Sp,
Sc. (c) VSI stage switching signals S 41, Sa2,and S4.

upper and lower group of BCSR switches are shown in Fig. 14(a)
and (b), respectively.

Fig. 15(a) shows the experimental waveforms of supply volt-
age (V,), supply current (/,), and dc-link voltage (Vg.). The
sinusoidal nature of the supply current, near to unity power
factor and the elimination of zero voltage states from V. are
the expected results as explained in the previous section. The
load side waveforms of phase voltage (V4), line voltage (Vap),
and current (/) are depicted in Fig. 15(b). The load current
waveform is near to sinusoidal nature as obtained in the simula-
tion results. It is noticed that all the waveforms obtained by the
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Fig. 14. Experimental results. (a) Switching signals S, Sp, and S, for the
upper group of BCSR switches. (b) Switching signals S7,, S, and S, for the
lower group of BCSR switches.
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Fig. 15. Experimental results. (a) Supply voltage (V;,), supply current (1),
and dc-link voltage (V). (b) Load side phase voltage (V4), line voltage (Va ),
and load current (1 4).
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experimental testing are approximately close to the waveforms
obtained by the simulation.

The various mathematical, logical, and conditional operations
required to implement the proposed CBPWM technique are less
as compared to those required for the SVPWM technique. The
total time required for the execution of the proposed CBPWM
technique is approximately 10 us, as compared to 16 us re-
quired by the SVPWM technique of the IMC. The low value of
execution time as compared to the SVPWM technique clearly
indicates the less computational burden offered by the presented
CBPWM scheme.

In this section, the performance of IMC with the proposed
CBPWM technique is approved by the experimental testing. The
coherence between simulation and experimental results of the
IMC prove the effectiveness of the new CBPWM technique of
providing the required input and output performances.

VI. CONCLUSION

This article develops anew CBPWM technique for controlling
the IMC with the reduced complexity. The proposed technique
employs a single triangular carrier for producing the PWM
signals for the BCSR and VSI stages. The simple modulation
equations are derived in this technique to enable the use of single
triangular carrier on both stages of the IMC. In comparison
with the previously introduced single CBPWM techniques, the
proposed technique provides the very simple modulation equa-
tions which do not require any reference of SVPWM technique
and sector judgements. As a result, the presented CBPWM
technique is more easily implemented in comparison with the
existing single carrier-based modulation techniques. The IMC
control with the given modulation technique provides the sinu-
soidal input/output waveforms, VTR of 0.866 and zero current
commutation on the rectifier stage similar to the conventional
modulation methods. The proposed work is supported by the
simulation and the experimental results.
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