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ABSTRACT This paper discusses an interleaved converter topology for DC-AC conversion in power
electronics applications. The proposed topology leverages a switch-level interleaving technique to overcome
the limitations of conventional interleaved inverters. Through comprehensive analysis and simulation
studies, it is demonstrated that the interleaved inverter achieves higher power density and improved ripple
frequency as compared to conventional counterparts. In this paper, different figures of merit are considered
in order to assess the proposed converter scheme performance —such as current ripple parameters,
circulating current and semiconductor losses. One of the main advantages of the proposed technology
over conventional interleaving converters is the use of a single inductor, which enables its use not only in

grid-tied applications but also in electric drives.
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. INTRODUCTION

Switched inverters have been widely employed in various
industry sectors, electrifying systems and applications to
meet productivity, economical and environmental targets.
From light-weight (e.g. medical, robotics) to heavy-industry
applications (e.g. energy, mining), power converters can be
part of active-filters, electrical drives, and energy storage
systems. For single-phase applications, the H-Bridge con-
verter topology has been highly applied in grid-connected
applications —solely or part of multistage converters [[1]]—
[4]. For three-phase systems, the two-level inverter is the
most common topology ever utilized, being extensively used
in traction drives, industrial applications and grid-connected
systems [5]—[7]. For medium power rated applications,
multilevel converters and the Cascaded H-Bridge Modular
Converter have been highly employed topologies, as they
provide enhanced power quality and modular applicability,
respectively [8], [9].

Further research has been conducted in order to improve
key-metrics of inverter design, such as power density, effi-
ciency and power quality [[L0]. These are essential parame-
ters which enable the state-of-the-art electrified systems to
become more compact, efficient and reliable. However, as the
inverter rated power increases, the aforementioned inverter
topologies present important drawbacks, such as large filter
components, high harmonic distortion and slow dynamic
response [11f]. In this scenario, interleaved converters play
a special role allowing the achievement of higher power
densities with increased output power quality. By paralleling
converters and phase-shifting their commands, these con-
verters can not only diminish the filter size by increasing
the ripple frequency, but also enhance the reliability of the

system where they are installed, given their intrinsic fault-
tolerance characteristic [[12]]. A conventional interleaved half-
bridge is shown in Figure [T} where two half-bridges, with
their respective output inductors, are connected in parallel
to sum-up the output currents and therefore, achieve the
objective of increasing the ripple frequency.
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FIGURE 1. Example of an interleaved half-bridge topology.

The simple implementation of interleaved half-bridges
turns the design of interleaved DC-DC converters to be
slightly straight-forward, and basic principles of interleaving
channels can be observed in these applications, sustained by
the vast number of research present in the current literature.
References [13]-[15] show the use of interleaved DC-DC
converters to integrate different energy storage systems with
challenging current and output ripple constraints. The work
presented in [16] presents the design of a sixteen-phases
synchronous buck converter for automotive applications.
Reference [17] introduces the use of bi-directional DC-
DC converters in a charging station for electric and hybrid
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vehicles. Despite their benefits, interleaved converters can
have the current imbalance among the phases as a major
drawback. However, the use of coupled inductors has also
been identified as one of the main researched solutions to
address this problem as referenced in [18]], [[19], by the
cost of increasing the design complexity and the voltage
stress on the switches. Reference [20] proposes a control
method to help mitigating this effect, by using FPGA to
improve accuracy of switching pulses, but at a higher product
cost. Among other proposals, the one presented in [21]
details a solution that increases the converter power density
and mitigates the current imbalance through a different
modulation technique, implemented in a conventional DSP.

DC-AC converters can also inherit benefits from the
interleaved half-bridge implementation, as different research
papers have shown [11], [12]], [22]-[27]. Reference [11]
proposes the design of an interleaved three-phase inverter
for grid-connected applications, achieving hardware volume
reduction and higher dynamic capability. In addition, the
use of interleaved inverters in grid-connected applications,
especially for photovoltaic systems, can enhance the out-
put power quality and improve ride-through capability for
three-phase [[12] and single-phase systems [22]. However,
interleaved inverters can present circulating current due to
asymmetries in the phase currents, contributing to increased
stress on semiconductor switches and overall power losses
[23]. Different works address this problem, by changing
the control and modulation scheme [23|]-[27]. Although
different strategies have already been proposed to mitigate
some important drawbacks, the solutions might come with
important costs —such as increased complexity of control
architecture, hardware and magnetics design.

Different from conventional interleaved converters, which
rely on interleaving the modulation carriers, this paper
discusses the Switch-Level Interleaved Converter (SLIC)
—which was presented in [28] and operates by interleaving
or intercalating the gate commands of its associated converter
structure. In this paper, further details on circuit aspects,
such as current ripple and circulating current analysis will
be presented, as well as results of the modulation imple-
mented under a digital signal processor (DSP) integrated
into a hardware-in-the-loop (HIL) platform. Figure [2] illus-
trates the M-channel three-phase switch-level interleaved
converter, where all interleaving channels of the same phase
are paralleled connected, but sequentially commanded by
a dedicated pulse-width modulation technique. This setup
demonstrates that this technology serves not only to grid-
connected applications, but also to electric drives as it does
not require output inductors for each interleaving channel.
As it can be applicable to different inverter topologies and
applications, a single-phase current-controlled topology will
be detailed in this work for the sake of simplicity. The
hardware design and modulation technique will be detailed
and explored to achieve a high performance in terms of
ripple reduction, power density and dynamic capability. The

proposed converter takes credit of the interleaved pulse-width
modulation IPWM) strategy, proposed in [21]] for a DC-DC
converter. Section II is focused on the concept of interleaving
along with a detailed analysis of the IPWM. Section III
discusses the system architecture, its implementation and
filter inductance design considering particularities of the
interleaved inverter. Section V presents the simulation results
and compares different types of modulation for interleaved
inverters.
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FIGURE 2. M-channel three-phase switch-level interleaved converter.

Il. CONVERTER TOPOLOGY AND MODULATION
TECHNIQUE

A. Conventional Pulse-Width Modulation (CPWM)

A single-phase interleaved inverter with a conventional
pulse-width modulation (CPWM) is shown in Figure 3] The
topology is composed of a converter with m = [1, M]
interleaving channels, where M is a positive integer. The
converter half-bridges are labeled as follows: h,, 4 and
lm,a represent the m!" high-side and low-side transistors
for the phase A, respectively. Consequently, h,, g and l,,, B
represent the equivalent for the phase B. Furthermore, for
each half-bridge output, an inductance with value L,, 4 or
L., B is being considered constituting a L-filter for the sake
of simplicity, as opposed to a typical LCL filter, which
would be the most appropriate choice for a current-controlled
inverter application.

A traditional approach to control this inverter is through
the phase-shifting pulse-width modulation (PS-PWM), so-
called CPWM [29]]. With this technique, each mth carrier
is phase shifed by 27/m rad. The modulated signals are
generated based on the inverter number of phases, depending
on whether unipolar or bipolar PWM is used [30]. As an
example, for a dual-channel (M = 2) interleaved single-
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FIGURE 3. Hardware topology of a M-channel single-phase interleaved
inverter with conventional pulse-width modulation (CPWM).

phase inverter, the channel carriers should be phase-shifted
by m rad between each other. Furthermore, a unipolar
CPWM could be considered. This leads to a phase shift of
7 rad between the modulated signals.

Figure [] details the main waveforms for a dual-channel
interleaved single-phase inverter with unipolar CPWM. It
illustrates the PWM waveforms, such as the carriers and
modulated signals for phase A and B. The waveforms shown
in Figures [}(b) to [4}(d) present the command signals for
the switches, which can be generated by means of PWM
comparison units in digital signal processors or other similar
controllers. It is possible to note that channel commands
are phase shifted, but still superpose each other. Figures
Bl(f) to B(g) detail the inverter output voltage profiles.
Finally, Figure @(h) details the addition of inductor currents,
resulting in a higher frequency output ripple, given by

f'r‘ipple =M - fsw-

B. Interleaved Pulse-Width Modulation (IPWM)

A generic single-phase interleaved inverter with IPWM is
shown in Figure [5] As compared with the conventional
topology, the SLIC is composed of half-bridges, labeled
in a similar fashion. The main difference stands in the
direct connection among the M channels, and the consequent
single output inductors, labeled as L4 and Lp, which could
be added together into a unique L 4p inductor.

Figure [6] presents the characteristic waveforms for the
IPWM. The first set of waveforms detail the carriers and
modulated signals. The modulated signals remain the same
as for CPWM, as they represent the expected output wave-
forms. However, different from the CPWM, the carrier
frequency is given by feqrrier = M X fsy, and each switch
is to operate once every M carrier cycles. This fact is better
illustrated in Figures [6}(b) to [6}(e), which detail the gate
commands for the transistors, along with a switch counter
k. (t) for enabling and disabling the commands for the m!"
channel. When k,,(t) = 1, the first channel is activated.
Consequently, when k,,(t) = 2, the second channel is
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FIGURE 4. Main waveforms for a dual-channel interleaved inverter with
CPWM.
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FIGURE 5. Hardware topology of a M-channel single-phase interleaved
inverter with interleaved pulse-width modulation (IPWM).

activated, and the remaining one is deactivated. This set of
waveforms illustrate the IPWM operation, where the pulses
are interleaved with each other, producing a high-frequency
inverter output voltage waveform, as illustrated by [6}(g)
and [6}(h). Finally, different from the CPWM, the resulting
output ripple is not a consequence of output inductor currents
addition, but of the M inverters output voltage superposition.
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The output current and its ripple frequency is illustrated in
Figure [6}(i), contributing to ().
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FIGURE 6. Main waveforms for a dual-channel inverter with IPWM.

C. Ripple Reduction

As mentioned, ripple reduction can be obtained with the
interleaving commands and voltage superposition at the
inverter bridge output, as especially shown in Figure [6}(g)
to [6(h). One may note that output waveforms have been
illustrated by considering fcorrier > fy. Furthermore, for
a simple approach of the dual-channel single-phase SLIC
as shown in Figure [/, the voltage drop across the output
inductor L 4 is given by (2).

_ Lap-Aig

VULap = T
on

In (), T,,, represents the equivalent on-time of the inverter
output, or when the line voltage is momentarily equal to
+Vje, as shown in Figure [§] and i; represents the phase
current flowing through the inductor. Furthermore, by know-
ing Ty, can be expressed as function of the duty-cycle d(¢)
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FIGURE 7. System architecture and simplified circuit diagram for the
dual-channel single phase inverter.

and frippie and applying (I), () is rearranged and the ripple
current excursion is given by @

d(t) - (Vae — vo(t))
2- LAB : fcarrier
As detailed in [31]], equation [3] can be further developed
into (4) considering v, (t) = m, - Vg, - sin(wt) and d(t) =
Mg - sin(wt), where m, represents the modulation index.

Aig = 3

Mg - sin(wt) - Vge - (1 — my - sin(wt))

Aij = (€]

2- LAB . fcarrier
In order to find the maximum current ripple, (@) can be
differentiated in terms of wt and equation [5] can be solved.

d , . _
@K - sin(wt)(1 — mg - sin(wt)) =0 )

where K = (mg - Vae) /(2 Lag * fearrier)-
Solving (3) for wt, equation roots are expressed by (6).

i) 2n+1)T VneZ
wt = 6)

) sin’lﬁ, mg # 0
The first solution (i) gives the maximum ripple for a
particular condition where 0 < m, < 0.5. Considering an
application where m, > 0.5, the second solution (i7) is cho-
sen for the maximum ripple which is obtained substituting

(@) into (@), resulting in equation [7]

_ Ve

8- LAB : fcarrie'r

Equation[7]reveals that the higher the carrier frequency, the
lower the inductor current ripple amplitude. This adjustment
to the carrier frequency can be obtained by setting up the
controller parameters, depending on the capabilities of the
hardware circuit. Nevertheless, as defined in (]I[), the carrier
frequency is also dependent on the switching frequency and
the number of interleaving channels, imposing an important
trade-off to consider for the converter design. Therefore,
assuming that the carrier frequency would be adjusted by a
controller to keep the semiconductors switching frequency
constant, increasing the number of interleaving channels

Aip, @)
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would not only raise the ripple frequency but also reduce the
current ripple amplitude, allowing for a smaller inductor, as
compared to a conventional inverter topology.

D. Circulating Current

Circulating current represents a current component which
flows between parallel inverters, which can operate with
interleaved commands. Two groups of circulating currents
can be identified: 1) low-frequency circulating current, which
is described in [32]], appearing as a beat wave which en-
velopes the fundamental component; and 2) high-frequency
circulating current, which occurs due to asymmetries existing
in the circuit with components represented at a multiple of
switching frequencies [33]]. These circulating currents can
result in higher losses in the semiconductors and increased
electromagnetic interference, due to higher common-mode
emissions.

Figure [§] shows a representation of zero-vector switching
state and its resulting circuit scheme, which allows the
flow of circulating current between the inverters in parallel.
Considering this current path, and as defined in [33]], the
circulating current for a conventional interleaved inverter can
be calculated as described in @ where @ represents the
phase in a multiphase system.

) ettty
1=

Vdc

FIGURE 8. Zero-vector switching state for the dual-channel interleaved
single-phase inverter with CPWM.
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As opposed to the conventional interleaved converter, in
a normal operating condition, no circulating current would
be expected in the operation of the SLIC, as illustrated
in Figure [9] However, this is not a practical and realistic
consideration, given that non-idealities of the semiconductor
switches and the power electronics mechanical assembly
can lead to a current imbalance. In the end, this current
imbalance has similar effects as compared to the circulating
currents, especially during reverse conduction of diodes
during zero states when free-wheeling occurs.

With this established, it is possible to define an effective
equation to estimate this circulating current effect generated

i, =
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FIGURE 9. Zero-vector switching state for the dual-channel switch-level
interleaved single-phase inverter with IPWM.

by current imbalance of SLIC, as shown in @) The terms
of this equation are detailed in Figure |10} which is a
rearranged representation of the circuit of the same proposed
converter, for phase A. Note this equation depends on a
established condition, which arises due to the impracticality
of representing the switch-level interleaving scheme with a
linear equation.

. i1, — l2, . .
1p, = % <~ [2 X 1p, 75 ’Lq>} (9)
hlﬂ%} h2ﬂE’} ila

Vdci.._ — La

' ‘ 7,
ll,.AJ l“’ﬁ]ﬁ} 12,0 a

FIGURE 10. Circuit diagram for circulating current calculation of SLIC
with IPWM.

Finally, in order to have a proper comparison of the
impact of circulating current in both conventional and the
proposed converter, circulating current amplitude value can
be evaluated against line current contribution as a figure of
merit. Therefore, a circulating current factor is defined in
(TO), where I. represents the peak value for the circulating
current and I,,; the peak of the output current.

1.
K. = =% x 100
7 X

out

(10)

lll. SYSTEM DESIGN
A. Architecture
Having presented the power bridge topology and the IPWM
concept for the proposed converter, this section focuses on
the converter system architecture, as shown in Figure

As a general description, the first sub-system is the input
filter, directly connected to the DC link, and which needs to
be designed in order to eliminate current harmonics flowing
to the DC voltage source. The second block is the power-
bridge, which has already been detailed in Figure [5] This
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sub-system is mainly composed by the semiconductors, in
which could be encapsulated in a single case, providing
better thermal coupling and avoiding current imbalance
among the interleaving channels. Next there is output filter,
constituted by a single inductor, as a current-controlled
inverter is being considered. The controller unit is also
shown as the composition of two different parts: the control
algorithm and the modulation processing function. Lastly, the
gate-driver system is shown, connecting the controller to the
power-bridge, for commanding and monitoring functions.

Two sets of sub-systems can be identified: 1) the ones
with dashed lines, which will not be detailed in this work;
2) the remaining ones with solid lines, which will be further
described in this section. This will contribute to present a
practical implementation to be used in a simulation envi-
ronment as an initial proof-of-concept for a future hardware
setup.

B. Filter Design

As a current-controlled inverter is in the scope of the present
work, a L filter can be considered. The inductance calculation
can be derived directly from by isolating the inductance
term, leading to the equation below.

Vd c

:8'AiL'fsw'M (11)

Lagp

The maximum current ripple Ay, can be set as 15% of

the nominal current [34]. By having determined the current

ripple, the switching frequency fs.,,, the DC voltage V. and

the number of interleaving channels M, the inductance can
be determined.

C. Modulation Scheme

The implementation of the [IPWM demands a different ap-
proach as compared to the current available implementation
of existing conventional PWM algorithms. Apart from the
control strategy, a software block diagram is shown in Figure
[[T] and by considering only phase A modulation, it details
the main functions to be performed when implementing this
new modulation technique.

CARRIER
GENERATION ( B )
CONTROLLER

carrier

GENERIC PWM

(A). " ORT CMD} - - hl,A
e »MOD  END OF CYCLE
if (mod(k, M) == 0) ENABLE D - -3 li,4
C =1
©) e k[n] = k[n — 1] +1
GENERIC PWM (D)
PORT CMDF - - ) hM’A
:, ,,,,,,, D e »MOD END OF CYCLE —
if (mod(k, M) == M — 1) —»{ENABLE WD - - Ip,a
m=M

FIGURE 11. Block diagram of the IPWM logic.

TABLE 1. Simulation parameters

Parameter Variable CPWM IPWM
Apparent Power Sn 12kEVA 12kVA
DC Voltage Ve 600 V/ 600 V/
Filter Inductor Lap 221 uH 221 pH
Number of Channels M 2 2

Carrier Frequency fearrier 20kHz 40 kHz
Switching Frequency  fsw 20kHz 20kHz
Output Frequency fq 60 Hz 60 Hz
Output Voltage Vo 220 Vims 220 Vims

Firstly, the modulation signals are indicated by (A), where
they can be the output signals of the control algorithm, or
simply an open-loop input. The modulation signals feed into
M conventional PWM blocks (2 x M, for dual-phase mod-
ulation), which are indicated as (B). Differently from legacy
developments, these blocks must be configured using the
carrier frequency, rather than the semiconductors switching
frequency. The carriers should not be phase shifted among
themselves, as shown in Figure [6} Additionally, these PWM
blocks are tripped every time the logic detailed by (C) results
in false, playing the role of the channel counter (k,,) in
Figure [] With this tripping system, the conventional PWM
outputs will command the switches off for that period of time
the m!" channel should be disabled. The reference PWM
block outputs an incremented counter at the end of every
PWM cycle, at the carrier frequency. This feeds the IPWM
counter logic, which is indicated by (D).

This modulation technique implementation results in inter-
leaved commands for the semiconductors, behaving as shown
in Section II

IV. SIMULATION RESULTS

A MATLAB Simulink model was developed for analyzing
the preliminary results for both converters: 1) the conven-
tional interleaved converter, as shown in Figure and 2)
the single-phase SLIC, detailed in Figure [5] Both converters
work as step-down single-phase inverters for a current-
controlled application. The simulation parameters are shown
in Table|l] In this section, the terms CPWM and IPWM will
be used not only for referencing to the modulation technique,
but also to reference to the conventional interleaved converter
and SLIC topologies.

A. Output Current
Figure [I2] shows the output current profiles for the CPWM
and the IPWM. Both profiles have approximately the same
phase and root mean square values of 54.4 A and 53.9 A,
respectively. Additionally, peak current values differ between
the two modulation schemes, where 92.9 A for the CPWM
and 80.2 A is obtained for the proposed modulation.

Apart from the fundamental component of the output cur-
rent profiles, main harmonics are due to the ripple generated
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FIGURE 12. Output current profiles for CPWM and IPWM.

by the inverter switching behavior. The frequency spectrum
is shown in Figure [13] for the output current for the both
converters. Current magnitude values for the fundamental
components remained similar, around 76.1 A for both. How-
ever, for the next largest high-frequency harmonics, it is
noticed that the CPWM presents a component of 40 kHz
with 6.7 A, whereas the IPWM has it at 80 kH z, with 1.6 A.
Additionally, the total harmonic distortion for both current

profiles resulted in 15.2 % and 3.8 % for CPWM and IPWM
respectively.

Output Current Frequency Spectrum

2
10 .
X 60 | X 60 CPWM
Y 76.0737 | Y 76.1055 —IPWM
] X 40057.5
—~ 10 F Y 6.66724 1
=
& Y 1.58781
S
10%F J
10-1 5 L > 1 - ' |“ L -
10 10 10 10

Frequency (Hz)

FIGURE 13. Frequency spectrum of output current for CPWM and IPWM.

In terms of actual ripple seen on the current-controlled
side, Figure [I4] highlights remaining current components
apart from the fundamental one, as seen in Figure @ Re-
sulted ripple amplitudes are around 31.6 A and 8.3 A for both
CPWM and IPWM, respectively. Note that these waveforms
still include the low-frequency circulating currents.

Additionally, Figure [T5] and [T detail the ripple amplitude
surfaces calculated using the methodology defined in for
CPWM, and Equation [ for IPWM. The proposed converter
presents lower ripple amplitudes throughout the entire sur-
face maps. Figure [I5] shows how the ripple amplitude varies
with the number of channels, fixing the modulation index.

Output Current Ripple

30 T
X 0.285442
Y 20.4951
20 O
X 0.297379
. Y 8.6434
2 10
<
= 0
= X 0.297371
g* Y 0.311811
<10
X 0.285433
Y -11.0876
20¢ ——CPWM
——IPWM
0.285 0.29 0.295 0.3
Time (s)

FIGURE 14. Ripple profile for the output current for CPWM and IPWM.

Ripple for a Single-Phase Interleaved Inverter (m, = 0.52)
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o
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L
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Number of Channels (N) ngle ()

FIGURE 15. Output current ripple for a single-phase interleaved inverter
(mq = 0.52), obtained from analytical calculation.

Figure [I6] details the ripple amplitudes as a function of
the modulation index and sine wave angles, given a fixed
number of interleaving channels. In particular, it is possible
to observe that the surface maps have a similar aspect, apart
from their amplitude values.

Ripple for a Single-Phase Interleaved Inverter (N = 2)

Ripple Current (A)

0.4

Angle (°) 0 0.2

Modulation Index (un.)

FIGURE 16. Output current ripple for a single-phase interleaved inverter
(N = 2), obtained from analytical calculation.
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In terms of analytically calculated current ripple, for
CPWM, the output current ripple amplitude results in a value
around 30 A for a case where N = 2 and m, = 0.52, which
is the operation point of the simulated system. Whereas for
IPWM, the resulting values are found between 5 and 10 A.
Both findings align with the simulated ripple results which
are also detailed in this work.

B. Inductor Current

Inductor current profiles can be seen in Figure[T7] Both con-
verters present significantly different results, as the CPWM
and IPWM have a maximum amplitude current of around
62.9 A and 80.2 A, respectively. Both current profiles were
processed by the Fast Fourier Transform (FFT), leading to
the results shown in Figure [I8] Different from the ouput
current profiles, here we can see that for the CPWM the
inductor ripple differs from the output current ripple. In this
case, the highest ripple harmonic is seen at 20.0 kHz with
19.1 A of current amplitude. Now for the IPWM, the values
remain the same as for the output current already shown
previously. This is due to the interleaving done at the switch
level, not as a superposition of inductor currents.

100 IndlllCtOI‘ Current '

X 0.286769
Y 62.8558

Current (A)

-100

0.29 0.295 0.3

Time (s)

0.285

FIGURE 17. Inductor current profiles for CPWM and IPWM.
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FIGURE 18. Frequency spectrum of inductor current for CPWM and IPWM.

Furthermore, the actual ripple amplitudes can be seen in
Figure [19] The total inductor ripple amplitude results in
67.9 A and 8.3 A for CPWM and IPWM, respectively. The
proposed modulation resulted in a ripple 8 times lower than
the conventional one.

40 Inductor Current Ripple

30 —_—
X 0.291663
20 Y 29.7287

10
0

-10

Amplitude (A)

-20

-30 X 0.291738
Y -38.1261

0.285
FIGURE 19. Inductor current ripple for CPWM and IPWM.

Finally, by evaluating (I2), the maximum stored energy
in the inductors can be estimated, which is a key factor for
an inductor size, as defined in []315[] Considering the whole
set of inductors for each topology, the resulting values are
1.12 J for CPWM, and 0.74 J in case of IPWM. This leads
to a 33% of volume saving with the SLIC.

WL:L/iL-diL 12)
C. Circulating Current

Figure 20] details both CPWM and IPWM circulating current
profiles for the low-frequency region. These current profiles
were calculated based on (8). It is possible to observe that
the circulating current reaches a maximum of 34.65 A of
amplitude for the CPWM, having a low-frequency beating
wave of 120 Hz, which is the double of the fundamental
frequency. Given a peak output current amplitude of 92.42 A,
the circulating current factor, as defined in (]EI), results in
37.5%.

For IPWM, the maximum values of output and circulating
current result in 80.4 A and 13.34, respectively. These results
leads to circulating current factor of 16.6%. Also note that
the circulating current profile presents an enveloping wave
at 120 Hz, double the fundamental frequency,

Figure [21] details the circulating current profiles around
the maximum points of IPWM, zooming in to detail their
high-frequency components. Both waveforms contain a high-
frequency component at 20 kHz, which is the effective
switching frequency of both converters. Note that the CPWM
presents a continuous trapezoidal current profile, whereas
the IPWM presents a more discontinuous circulating current
profile. These aspects also lead to a different harmonic
distribution throughout their frequency spectra, as shown in
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FIGURE 20. Low-frequency circulating current comparison for CPWM and
IPWM.

Figure 22} which indicates that the CPWM presents a higher
pollution at lower frequencies, whereas the IPWM has a
dense harmonic content at higher frequencies.

%0 Circulating Current

X 0.399385
Y 13.3236
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Y 13.2893
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15+
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Current (A)
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0.39945

FIGURE 21. High-frequency circulating current comparison for CPWM
and IPWM.

Furthermore, with the formulation defined in (EI) and the
switching waveforms presented in Figure 23] and 24] it
is possible to conclude that the circulating current mainly
occurs due to unequal current sharing during MOSFET and
body diode reverse conduction, in case of [IPWM.

D. Power Bridge
The following results present the overall current conduction
waveforms for the upper and lower switches of both convert-
ers. In this section, a 1200V-100A Silicon Carbide MOSFET
power module was considered for switching and conduction
losses calculation.

Figure [23] shows the respective profiles for the CPWM.
The results show an expected performance of the conven-
tional converter, as detailed in Figure ] These waveforms
were used in the transistors losses calculation, considering
parameters detailed in Table[I} The switching losses resulted

Circulating Current Frequency Spectrum
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o
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T
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-

o
o
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Current (A)
3

2L
10 X 59.0403
Y 0.00228051

10
10° 10? 10* 108
Frequency (Hz)

FIGURE 22. Frequency spectrum of circulating current for CPWM and
IPWM.

in 152.8 W and the conduction losses in 42.4 W for the
transistors. Reverse recovery and conduction losses were
estimated to be around 11.2 W and 131.9 W for all the
diodes, respectively. The total losses resulted in 338.3 W,
with an efficiency of 97.2%.

Similarly, the transistor current profiles for the IPWM are
also shown in Figure 24] The preliminary results show a
higher number of switching events for the upper switches
as compared to the lower ones, resulted from the usage of
a triangle carrier with the IPWM technique. This fact has
not been noticed in , due to an initial implementation
considering a sawtooth carrier. Furthermore, as the pulses
do not superpose each other, the IPWM normally operates
at hard-switching if controlled snubber circuits are not used.
These observations are crucial for understanding the higher
switching losses for the IPWM, as confirmed by the calcu-
lation. Switching and conduction losses resulted in 250.6 W
and 60.1 W for the transistors, respectively. All diode losses
included reverse recovery and conduction losses, being about
40.6 W and 103.6 W. IPWM power bridge losses resulted
in 454.9 W, leading to a 96.2% efficient converter.

E. Results Comparison

The presented results are synthesized in the Table [2] The
output current ripple amplitude and frequency indicated to
benefit SLIC over the conventional interleaved converter,
given the credit taken from utilizing a unipolar [PWM
with also increasing the ripple frequency by a factor of
M. TPWM requires around 33% lower volume for the
inductors. The IPWM presents lower amplitude circulating
currents, especially in the low-frequency range. For the
high-frequency range, it shows to increase common-mode
emissions. Important to note these results were obtained in
a case of an almost ideal circuit condition, which needs
to be validated via prototype testing. As expected, overall
semiconductor losses showed to be higher for the IPWM
than for the CPWM, leading to lower efficiency by 1%.
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FIGURE 23. Switches conduction profiles for the CPWM.

TABLE 2. Results Overview for CPWM and IPWM

0
0.17084 0.17086 0.17088 0.1709 0.17092 0.17094 0.17096 0.17098

Parameter Unit CPWM IPWM
Output Current Arms 544 53.9
Output Current THD % 15.2 3.8
Output Peak Current A 92.9 80.2
Output Current Ripple A 31.6 8.3
Output Current Ripple Frequency kHz 40.0 80.0
Inductor Peak Current A 62.9 80.2
Inductor Current Ripple A 67.9 8.3
Inductor Current Ripple Frequency kHz 20.0 80.0
Circulating Current Factor % 37.5 16.6
Transistor Losses w 195.2 310.7
Diode Losses w 143.1 144.2
Total Losses w 338.3 454.9
Efficiency % 97.2 96.2
Inductor Volume p-u 1.00 0.67
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FIGURE 24. Switches conduction profiles for the IPWM.

V. HARDWARE-IN-THE-LOOP RESULTS

A HIL test bench was set up to validate the modulation
and controller implementation of the SLIC. A HIL604 from
Typhoon HIL was used for running the power electronics
model. A Texas Instrument TMS320F28335 was used for
the modulation commands and control implementation, as
a DSP, in which the logic presented in Figure [TI] was
implemented.

The topologies described in Figure 3] and [5] were consid-
ered. The HIL test bench parameters are defined in Table [3]
It is important to note that adjustments were made to the
filter inductance, carrier frequency and switching frequency
compared to those listed in Table [I] as target output current
and ripple were kept the same. These adjustments were
needed due to processing capability limits and numerical
errors that occured during HIL simulations at high switching
frequencies.

Figure 23] highlights the gate commands for the transistors,
obtained as output signals of the DSP for the IPWM.
Following the nomenclature detailed in subsection the

Eletronica de Poténcia, Rio de Janeiro, v. 29, e202454, 2024.


https://creativecommons.org/licenses/by/4.0/

Special Issue

TABLE 3. HIL Test Bench Parameters

Output Current

Parameter Variable CPWM IPWM
Apparent power Shn 12kVA 12kVA
DC voltage Ve 600 V' 600 V'
Filter inductor L 442 nH 442 nH
Inductor series resistance 7, 6.15mQ 6.15mQ
Number of channels M 2 2

Carrier frequency fearrier DkHz 10kHz
Switching frequency fsw 5kHz 5kHz
Output frequency fq 60 Hz 60 Hz
Output voltage Vo 220 Viems 220 Vims

transistor commands are defined as follows: hi 4 as digital
input 32, ho 4 as digital input 31, 11 4 as digital input 26,
lo, 4 as digital input 25, hy p as digital input 30, hy p as
digital input 29, 1, p as digital input 24, Iy p as digital
input 23. This set of waveforms align with the theoretical
ones detailed in Figure [6] indicating the effectiveness of
the proposed modulation scheme implementation in a real
controller.

Phase A - Gate Commands

T T
1 Digital Input 32 |
Digital Input 26
3 Digital Input 31
2 Digital Input 25
505 A
S
<
0
I I I | I 1 |
0 1 2 3 4 5 6 7
Time (s) 107
Phase B - Gate Commands
T T T T T T
1 Digital Input 30 ||
Digital Input 24
8 Digital Input 29
2 Digital Input 23
505 B
£
<
0
1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Time (s) x10

FIGURE 25. IPWM gate commands, HIL simulation.

With the proper implementation of gate commands, the
output current measurements were detailed for a conceptual
validation. At first, the results shown in Figure 26 demon-
strate the similarity of the HIL simulation as compared to
the offline simulation with results presented in Section [[V]
showing peak current values within +£3% of margin to the
offline simulation baseline. A peak current value of 94.8 A
was obtained for CPWM, whereas IPWM resulted in a value
of 81.9 A.

For extracting the ripple components, the output current
profiles can be subject to a low-pass filter, resulting in the
curves illustrated in Figure 27] A ripple amplitude of 28.1 A
was obtained for CPWM, and 7.4 A for IPWM, revealing

100
X 0.032891 5
Y 94.8044 X 0.049303
Y 81.9304
50
=
5] 0
=
=
@)
-50
-100 L L L L ! 1
0.03 0.035 0.04 0.045 0.05 0.055 0.06
Time (s)

FIGURE 26. Output current profiles for CPWM and IPWM, HIL simulation.

around four times of ripple reduction for the proposed
topology.

15 Output Current Ripple

il X 0.0408405
Y 14.0436

10 +

X 0.0409255
Y 3.7088

Amplitude (A)

Il
——CPWM| ]
— IPWM

0.05

S0k

-15

0.045
Time (s)

0.04

FIGURE 27. Output current ripple profiles for CPWM and IPWM, HIL
simulation.

Harmonic content of output current profiles can be seen
in Figure [28] Differently from the offline simulation results,
IPWM shows a high harmonic pollution in the low-frequency
region. Despite that, the total harmonic distortion of the
current profiles resulted in 15.03% and 5.01% for both
CPWM and IPWM, respectively.

VI. CONCLUSION

This paper discussed the interleaved converter topology for
DC-AC conversion, which demonstrated superior perfor-
mance for ripple filtering and system dynamics, but worse
overall efficiency as compared to the conventional inverter
topologies. The proposed topology was tested in a simulation
environment, which showed that it can effectively reduce the
current ripple, improve the power factor, and increase the
power output for a significantly smaller output filter, thus
lower volume, weight and complexity, as it requires one sin-
gle output inductor. Furthermore, an initial investigation was
done to assess circulating current impacts in both converter
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FIGURE 28. Frequency spectrum of output current for CPWM and IPWM,
HIL simulation.

topologies. This research contributes to the development
of high-performance and reliable power electronics systems
for various applications, such as renewable energy systems,
electric vehicles, and aerospace.

Further research could explore the possibility of integrat-
ing the proposed topology with converter control techniques
to enhance its performance, and possibly improve the mod-
ulation technique for a better energy efficiency.
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