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Abstract—The sinusoidal Triangular-Current-Mode (S-TCM)
method has been proposed in the AC/DC power-factor-correction
(PFC) converter to achieve the zero-voltage-switching (ZVS)
which can lead to both, high efficiency operation and a high
power density design. Nevertheless, the necessary wide range
variation of the sinusoidal switching frequency profile imposed
by the S-TCM results in a larger generated voltage harmonic
peak due to the overlapping between different order carrier-
frequency harmonics. In this work, the S-TCM is used in the
interleaved 2-level converter to minimize the undesirable effects
of such overlapped voltage harmonics while maintaining ZVS via
S-TCM. Meanwhile, the necessity of coupled inductors (CIs) in
the interleaved topology is avoided by implementing the S-TCM.
Both simulation and experimental tests conducted in a 3.3 kW
interleaved 2-level converter system are used to verify the study.

Index Terms—Sinusoidal Triangular-Current-Mode (S-TCM),
Zero-voltage-switching (ZVS), Interleaved AC/DC converter, har-
monic spectrum.

I. INTRODUCTION

Due to the rapid development of the renewable energy
integration and E-mobility, Pulse Width Modulation (PWM)-
based Voltage Source Converters (VSCs) play a critical role
in the associated grid-connection applications because of their
robustness and simplicity. In recent years, there are more and
more research efforts put in various modulation techniques to
improve the converter efficiency or to reduce the magnetic
part, for a more compact and efficient AC/DC power-factor-
correction (PFC) converter system.

Typically the frequency modulation methods adopted in the
literatures, for instance the TCM and S-TCM methods [1]-
[8] for the zero-voltage switching (ZVS) operation in AC/DC
converter, exhibit a periodicity and variation in the switching
frequency. The wide range of switching frequency results in
the overlapping between the different order carrier-frequency
harmonics generated by the VSC and the consequently in-
creased harmonic peak generated might violate the related
supra-harmonics standards [9], [10], as depicted in Fig. 1.
By increasing the VSC input-to-output voltage conversion
ratio, namely the modulation index, for example by means
of third-harmonics injection, the overlap between the spectra
can be minimized to some extend because of the reduced
frequency variation range. However, this complicates the de-
sign of the power conversion placed after the VSC stage.
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Fig. 1. Overlapping between harmonics under S-TCM.

Besides, the wide range of switching frequency can also cause
the considerable harmonics clustered in the Electromagnetic-
interference (EMI) range. The 2-Interleaved topology cancels
the odd order carrier-frequency harmonics as shown in Fig. 2,
and hence can be implemented with TCM/S-TCM to avoid
the harmonics overlapping and reduce the high frequency
current harmonics while achieving the desired ZVS operation.
In contrast to the conventional 2-interleaved converter, the
coupled inductors (CIs) used to suppress the circulating current
are not required by the TCM/S-TCM methods since the two
interleaved currents in one phase will not be deviated by the
circulating current. Compared to the TCM method, S-TCM
uses a simpler switching frequency profile with much less
frequency variation range (sinusoidal), which results in a better
harmonics spectra and it is more easily to be digitally imple-
mented. Therefore, the interleaved S-TCM is used to reduce
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Fig. 2. Output voltage harmonics of PWM converter.
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(a) Inductor current generated by S-TCM.
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(b) Three-phase 2-interleaved PWM converter with S-TCM.

Fig. 3. S-TCM method and the implemented topology.

SYSTEM PARAMETERS FOR SIMULATION AND EXPERIMENT

PARAMETER VALUE

Grid interface

Voltage Vac (rms) 230 V
Fundamental frequency f, 50 Hz
Converter-side inductance L. 360 nH
Grid-side inductance Lg 720 pH

Ck 5 uF

Converter

Semiconductor IKW15N120BH6
Blocking voltage Vg 1200 V
Collector current I 15 A (T, = 100°)
Operating power 3.3 kW

Ve 700 V

Cac 365 uF

feco 40.85 kHz

fswb 31.05 kHz
Modulation

PWM SPWM

Frequency profile

Sinusoidal (S-TCM)

the output switching harmonics. The analytical model of the
harmonic spectra due to the sinusoidal switching frequency
is derived for the filter design. Simulations and preliminary
experiment are conducted in a 3.3 kW system for verification.

II. S-TCM IN 2-INTERLEAVED CONVERTER

A. S-TCM for ZVS Operation

The implementation of S-TCM in a half-bridge converter is
shown in Fig. 3. The current flowing through L. is a sinusoidal
current 7, (or iz neglect capacitor influence) superposed with
a constant ripple band ipang = 2];(;. Generally, the switch-
on and switch-off time during one switching cycle can be

expressed by:
_ 2Lciband
Vae(1 — Mcos(wot))

2Lciband
Tog(t) =
ir(t) Vae (1 + Mcos(wot))

The switching frequency hence can be derived as:

_ Vdc

- 4Lciband
= fowo — fown - c0s(2wot)

= fawo + fowb - sin(2wot + 37/2)

where wo—or.50 1s the angular frequency of the grid and M
is the modulation index expressed as: M = 2Vdc/®g. The
switching frequency varies with twice the fundamental fre-
quency. The centered frequency fsyo is inversely proportional
to M? while the frequency variation band fs1 is opposite.
For the two interleaved bridges, the output currents in the two
bridges i1 (and i3) are superposed of a fundamental frequency
component and the high-frequency triangle ripple with the
constant band 4panq as depicted in Fig. 3(a):

Ton(t)
ey

Jsw(t) - [1 = M?cos?(wot)]

@

Z.1 - ifund + iripple - I;.c . (COS(th) + i:ipple)

3)
where @7 o). is the unit ripple function determined by the
switching frequency generated by S-TCM as expressed in (2).
In each switching cycle, the upper bound of i; is larger than
0 and the lower bound is vice versa. Hence, the zero-crossing
of the current forces the body diode of the switch take over
the output current before the switch conducts. Therefore the
zero-voltage-switching (ZVS) turn on is realized with S-TCM
method.

It is noteworthy that the mid-point of the three phase
capacitors is connected to the mid-point of the DC bus, which
implies that the three phases can operated independently under
S-TCM. Therefore, the three phases are fully decoupled from
each other with S-TCM operation and the aforementioned
analysis and switching profile can be directly applied to
the three phases. However, it is worthy to mention that the
switching frequency for the three phases should incorporate
the difference of the phase angles between three phases.
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Fig. 4. Carrier-based PWM for interleaved 2-level PWM converter.

B. Circuitry Modeling of 2-Interleaved Converter

In the three-phase 2-interleaved converter depicted in
Fig. 3(b), each phase requires two inductors L. for the two
interleaved switching bridges. For the carrier-based PWM
implementation, the carrier signals for the two interleaved
bridges are 180° phase-shifted while sharing the same mod-
ulation reference signal as shown in Fig. 4. For the power
operation, the load (grid) power and current are shared equally
between the interleaved bridges, hence for nominal power
operation ipanq 1S set to be the peak AC current (ipang = 1. ;C).
Generally ipanqg can be kept constant for different operating
power levels. Alternatively, the current band can also follow a
certain profile to optimize the conduction losses of the power
semiconductor [1].

Since three phases are decoupled under S-TCM, the single-
phase representation circuit is simplified as shown in Fig. 5(a)
from the three-phase 2-interleaved power electronic circuit for
simplicity of analysis. By applying Kirchhoff’s voltage and
current law (KVL and KCL) to this circuit, the following
relation can be obtained:

Vel + Ve2 - _ E . %
2 T RY
From the perspective of harmonics flowing into the grid, the
circuit can be further transformed into Fig. 5(b) based on (3).
The inductance contributing to the converter-side current .
hence is halved to L./2 and veq is equal to (ve1 +ve2)/2. This
implies that the source of the current switching harmonics is
the average of the output voltage of the interleaved bridges.
It should be mentioned that the three-phase grid (load)
has a 3-wire connection configuration. Therefore only the
differential-mode (DM) current components can flow into the
three-phase grid or load because of the inherently infinite
impedance for the common-mode (CM) current components.
From the perspective of harmonics emission and its associated
filter design, only the DM harmonic components are concerned
with the grid-side currents. Theoretically, the DM and CM
components have the followings relations:

“

Differential-mode
5

Common-mode

To+axp+2.=0
LTa = Th = Tc

where z represents the three-phase voltages and currents in
this circuit. Besides, the DM harmonic components of the

converter output voltage can be expressed as:

V.dm = Vx — Va + Up + Ve (6)
3
III. HARMONIC SPECTRA MODEL UNDER INTERLEAVED
S-TCM

The voltage harmonic spectra under any arbitrary periodic
variable switching frequency profile as expressed by (7) has
been derived for convention 2-level PWM converter by [11].

fo(t) = feo+ Y Chsin(2rk ft + Oy) (7)
k=1
In this work, the S-TCM has a sinusoidal frequency profile
with a periodicity frequency fn = 2f, and 6, = 37/2 (k=1).
By substitution, the voltage spectra generated by S-TCM in
the 2-interleaved VSC is derived in (8).

ch(t) — %(Z Z Z {Cmnl . ej27r(mfcot+nfot+lfmt)})

m=0n=—o00 [=—c0

m=0,24,6,38 --
(®)
mCy j(BmntPm+1(61—7/2))
C’mnl = CanI( f ) - g PmnTPm 1
m? b (6 Im) ®)
— SwW . pJ (Omntem+ir
Canl( 2f0 ) €

where J,,(x) is the Bessel function of the first kind and Ci,y,
is the coefficient of the harmonics generated by the constant
switching frequency under SPWM with the symmetrical sam-
pling:

2Vaen[(m +nze )ﬁTM]

Weco

mn —

Wo ™
i —| (10
7r(m+nu‘:’—;) sm[(m+nwco +71)2] (10)

and 0., and ¢,, are expressed as:

Orn = MmO, + nb,

Z mCy cos(by)
k=1 kifm

With (8)-(11), the voltage harmonics spectra of the three-
phase 2-interleaved PWM converter can be calculated and
obtained under the S-TCM method. Once the filter parameters
are known, the harmonics flowing to the grid side current i
can be obtained through the following equations:

7 (5) — QUGQ(S)
& LcLeCrs(s? 4 w2,

Le+ 2L,
Wres = = r o~
LoLyCr

It is noteworthy that v, contains both common-mode (CM)
and differential-mode (DM) harmonics components. Since
only DM current harmonics flow into the grid, the CM
components must be removed from v, before applying (12),
the use of which has been elaborated in [11] in details. The
total inductance namely L./2 + L, hence can be selected
to meet the current harmonic emission limit set by different

(11)
Pm =

(12)
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(a) Single-phase representation.

Fig. 5. Circuit simplification of interleaved converter

(b) Equivalent circuit seen by the load/grid.

standards such as IEEE-519 and IEC-61000-3. This can be
done by limiting the magnitude of the critical current harmonic
(most highest harmonic) to be the emission limit value and the
inductance can be subsequently derived.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

(b) Test-bench.

(a) Experiment prototype.

Fig. 6. Experimental set-up and test-bench.

In order to verify the S-TCM in the 2-interleaved PWM con-
verter, both simulation and experimental tests are conducted
in a 3.3 kW system with the operating parameters listed in
Table 1. Specifically, the simulation verification is done in
PLECS while the experiment has been conducted in the three-
phase 2-interleaved PWM converter with its test-bench shown
in Fig. 7. Besides, the harmonic spectra of both simulation
and experimental results are analyzed and compared in order
to verify the correctness of the harmonic spectra model.

A. S-TCM for ZVS Operation

Based on the parameters listed in Table I, the S-TCM has the
following switching frequency profile: fswo = 40.85 kHz and
Sfswb = 31.05 kHz. It should be noted that both fso and fswp
in fact are not exactly multiples of f, after calculated by (2).
Hence they are selected to be their nearest multiples of f, in
order to avoid the inter-harmonics and non-multiple harmon-
ics [10]. Fig. 8 shows the simulated waveforms generated by
the interleaved and non-interleaved (hard-paralleling) S-TCM
operations. In both cases, 7; and ¢9 have the same magnitude of
ripple. Howeyver, they overlap in the non-interleaving case and
oppose each other in the interleaved case, as it can be seen in
Fig. 8. Because of the cancellation of the interleaved current
ripples, the current i, has a reduced current in interleaved
operation compared to hard-paralleling case. It can be noted

from Fig.7 that the current crosses zero in every switching
cycle and hence ZVS is realized.

In experiment, only the voltage and current waveforms
from Phase A are recorded due to limitation of oscilloscope
channels. The experimental waveforms are presented in Fig. 9
for both hard Fig. 9 presents the recorded experimental

Waveform: I

< 4 N A 4
% 2 LA /\
5 O \«, ‘f N\ £ \ N\
o \ / \ \ V 4  \ # \
g —2 3 “;;\} ,,f; \ \ /&" %v» : 4 Y
O — 4 A Jf 4 | \ 4
104.9 104.91 104.92 104.93 104.94 104.95
Time [ms]
2-Interleaving
% 3 ‘t‘i\ Lw»/\ : g{ﬂ‘v’ ? l 3 G,;“ e *
= ol \’ \J .4,:\‘! v(ﬁ" \¢ ﬂ@ \¢-|
g -2 ’i«j &:‘s” P! wz.a " 4/ g AR
U _4 + (K4 &

104.91 104.92 104.93 104.94
Time [ms]

104.9 104.95

Fig. 7. Zoom-in waveforms.

waveforms under S-TCM for both 2-interleaving and non-
interleaving operations. The zoomed-in waveforms also show
the overlapped ripple under non-interleaving (hard-paralleling)
case and the interleaved current ripples under 2-interleaving
case. Specifically, the ipang Waveform in both test cases is
equal to I,. (6.7 A). Besides, the current ripples of both 4,1
and 7,9 cross the zero point in each switching cycle, indicating
the successful realization of ZVS operation.

B. Harmonic Spectra Verification

Based on the recorded converter output waveforms vg,1 and
Vca2 Under both 2-interleaving and non-interleaving operations,
the harmonic spectra of the converter output voltages can
be extracted through FFT analysis. Therefore, the converter
output voltage harmonic spectra constructed by the analytical
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Fig. 9. Experimental waveforms.

models based on (8)—(11) is compared with both simulation
and experimental results. It can be noted from Fig. 10 that
the analytical voltage harmonic spectra matches the simulated
one with a quite high accuracy for both interleaved and
non-interleaved operations. The analytical result has some
negligible difference from the experimental one but is also
close to it. Therefore, the correctness of the harmonic spectra
model is verified by both simulation and experimental results.

The model hence is reliable to be used for the follow-up filter
design to meet the harmonic emission standards.

C. Harmonic Emission Level

Fig. 11 presents the simulated three-phase grid currents and
their harmonic spectra. It can be noted that the both the TDD
(total-demand-distortion) and the peak switching harmonic of
the grid current under 2-interleaving are significantly reduced
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Fig. 11. Harmonic spectra of the three-phase grid currents.

compared to non-interleaving (9 times smaller). In other
words, a much smaller required grid-side inductance L, can
be chosen for the interleaved operation to meet the current
harmonic emission limits for the individual harmonics set by
the standards.

V. CONCLUSION AND FUTURE WORK

This work proposed the S-TCM ZVS operation in the
interleaved converter to reduce the harmonic generation while
maintaining the ZVS operation. Besides, the analytical har-
monic spectra model is proposed for a follow-up design and
study of the filter to meet the emerging supra-harmonics stan-
dards. Both simulation and experimental results verify that the
ZVS is guaranteed under interleaved operation. Furthermore,
the simulation results show that the peak harmonic of the
output current is reduced by 9 times in interleaved operation
compared to non-interleaved case. This implies the grid-side
inductor in interleaved operation can be significantly reduced

compared to non-interleaved case to meet the same current
harmonic emission standard.
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