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Abstract—For three-phase AC-DC power conversion, the
widely-used continuous current mode (CCM) modulation scheme
results in relatively high semiconductor losses from hard-
switching each device during half of the mains cycle. Triangular
current mode (TCM) modulation, where the inductor current
reverses polarity before turn-off, achieves zero-voltage-switching
(ZVS) but at the expense of a wide switching frequency variation
(15× for the three-phase design considered here), complicating
filter design and compliance with EMI regulations. In this paper,
we propose a new modulation scheme, sinusoidal triangular
current mode (S-TCM), that achieves soft-switching, keeps the
maximum switching frequency below the 150 kHz EMI regulatory
band, and limits the switching frequency variation to only 3×.
Under S-TCM, three specific modulation schemes are analyzed,
and a loss-optimized weighting of the current bands across load is
identified. The 2.2 kW S-TCM phase-leg hardware demonstrator
achieves 99.7 % semiconductor efficiency, with the semiconductor
losses accurately analytically estimated within 10 % (0.3 W).
Relative to a CCM design, the required filter inductance is 6×
lower, the inductor volume is 37 % smaller, and the semiconductor
losses are 55 % smaller for a simultaneous improvement in power
density and efficiency.

I. INTRODUCTION

AC-DC power conversion underpins modern electrical in-
frastructure, serving as the key conversion stage for ubiquitous
and critical applications. For three-phase (3-Φ) converters, in
particular, use cases include photovoltaic (PV) inverters to
connect solar arrays to the grid and power-factor-correction
(PFC) rectifiers, among many others with application-specific
demands on cost, power density, and efficiency. For the
modular kW-scale bridge legs considered here (see Table I),
applications include on-board electric vehicle chargers (e.g.
for Level 2 charging at 6.6 kW), data center power supplies
(typically built with modularity for use cases in the 6.6 kW to
10 kW range), and aircraft motor drives (with power levels as
low as 750 W even in 3-Φ systems).

To achieve average sinusoidal currents on the AC side of
these power converters, a standard half-bridge leg with an
output filter (see Fig. 1(a)) is typically used. In grid-tied
rectifiers and inverters, these sinusoidal average phase currents
(i.e. ia(t) = î sin(ωact)) are controlled to be in phase with the
phase voltages that are shown in Fig. 1(b), and the output
filter is required to meet harmonics and emissions regulations
(e.g. [1]–[4]). Output filters for motor drives, similarly, reduce
radiated emissions from the inverter-motor cables, eliminate
dv/dt-related motor winding insulator stress, and limit bearing
currents from common-mode voltage excitations.

The passive components – especially the inductor – of
the filter stage dominate the size and weight of these power
converters [5,6]. To minimize the required inductance and

shrink the filter inductor, the switching frequency of the bridge-
leg can be increased at the expense of higher switching losses
and lower efficiency. This tension recalls the familiar power
electronics trade-off between power density and efficiency
[7]. For the specific case of AC-DC converters, then, an
implementation with both low-inductance requirements and
high-efficiency is sought.

Three-phase rectifier and inverter systems in the kW power
range considered here (see Table I) are typically operated in
continuous current mode (CCM) [8], where the current is con-
trolled to a low-ripple envelope around the sinusoidal average
output current ia. This low-ripple envelope leads to low current
stress, but the bridge-leg transistors are each hard-switched
for half of the mains cycle. These hard-switching losses limit
the switching frequency to around 20 kHz to 50 kHz, say, for
systems with Udc = 800 V (to interface with the European
400 V line-to-line mains) and 1200 V SiC MOSFETs, resulting
in a high AC-side inductance and therefore a large inductor.

To eliminate these hard-switching losses and enable higher
switching frequencies, modulation schemes and architectures
with zero-voltage-switching (ZVS) of the power devices across
the line cycle have been proposed [9,10]. Triangular current
mode (TCM) modulation, a well-known approach (for ex-
ample, in single-phase rectifiers [11] and motor drives [12])
that is shown in Fig. 1(c.i), achieves ZVS with the basic
half-bridge converter structure and without additional auxiliary
circuits. Numerous other schemes for introducing ZVS have
been proposed – including the use of auxiliary circuitry [13],
an unfolder-based TCM scheme for single-phase rectifiers
[14], a T-type-architecture circuit for TCM [15,16], complex
current control approaches based on boundary conduction
mode (BCM) or critical conduction mode (CRM) [17]–[19],
and a decoupled model for simplified control [20] – but TCM
is still considered the state-of-the-art and is the most widely-
used commercially.

The approaches based on BCM and CRM have been de-
scribed for an open-star point of the first filter stage, leading
to a coupling of the phases that complicates the control.
This additional degree-of-freedom can be utilized to achieve
a nearly-constant switching frequency, which is beneficial for
EMI, and/or to facilitate the separation of the differential (DM)
and common-mode (CM) filter stages. Separating the DM and
CM filter stages, however, is not necessarily beneficial for
power density and/or efficiency [21], and here we use the filter
approach of Fig. 1(a) [11], where the phases are decoupled
and 3-Φ common-mode (CM) inductors are avoided. This
implementation, then, allows the individual control of each
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Fig. 1. (a) Three-phase DC/AC converter implemented with 2-level bridge-legs and an LC output-filter to generate (b) a symmetrical three-phase voltage system
at the terminals a, b and c. (c) The positive (i+) and negative (i-) current limits and the average phase current (ia) define the inductor current, iLa and (d) the
local switching frequency fsw over the ac period Tac = 1/fac for (i) the conventional TCM and (ii) the introduced B-TCM modulation strategies. The latter
approach prevents fundamental switching frequency components within the restricted spectrum (grey shaded area, above 150 kHz) of CISPR 11 [3].

phase. This structure supports both the direct paralleling (and
interleaving) of additional bridge-legs [22] and low-complexity
control, and leaves open the possibility of a third harmonic
injection [23] (as discussed in Appendix A and introduced
later). This modularity and simplicity is preferred over a
coupled filter structure in many applications, including for the
focus of this paper: unity power factor operation without a
third harmonic.

A way to ensure a TCM modulation that enables ZVS over
the full line cycle while still featuring sinusoidal currents is to
add and subtract a current band iband to the (reference) mains
current ia (cf., Fig. 1c) in such a way that the upper i+ and
lower i- current bounds of the current envelope are defined as:{

i+(t) = ia(t) + iband(t) ≥ 0

i-(t) = ia(t)− iband(t) ≤ 0,
(1)

where to guarantee ZVS for all operating cases, i+ and i- can
also be kept (sufficiently) positive and negative for the full
line cycle [10]. In TCM, the soft-switching portion of the
current envelope (i+ for the first half and i- for the second
half of the line cycle in Fig. 1(c.i)) is set with a fixed value
|IL-|, defining the band as iband(t) = |ia(t)|+ |IL-| > 0 A. The
resulting current bands and average output current are shown
in Fig. 1(c.i).

This state-of-the-art TCM approach (see Fig. 1(c.i)) [24]
achieves ZVS across the full mains cycle but incurs a large
variation in switching frequency, where the maximum fre-
quency is only limited by the turn-off current, IL- (assuming
the current and voltage are in phase). For the converter
specifications here (Table I) with the required inductance
(L = 53 µH) and a turn-off current of IL- = −3.5 A,

the minimum switching frequency is 40 kHz and the max-
imum switching frequency is 540 kHz, an enormous 15×
variation in switching frequency (Fig. 1(d.i)). This frequency
variation – and especially the high frequencies near the zero-
crossing of ia – complicates the filter design, especially with
the regulations on emissions above 150 kHz [3] and represents

a challenge with regard to the practical implementation of the
current control. Prior art has limited the switching frequency
in three-phase AC-DC power converters by synchronizing the
switching frequency across the three phases under critical
conduction mode modulation [19,25]–[27], by employing vari-
able space vector modulation control [28], by clamping the
switching frequency to a particular boundary [23], and by
fixing the bandwidth of the modulation scheme to a constant
value across the full mains cycle [29,30].

A solution is sought, then, that maintains ZVS while low-
ering the maximum switching frequency, reduces the overall
variation across the line cycle, can be applied to single-
phase or decoupled three-phase systems, and takes the residual
(non-zero) ZVS losses into consideration for the semiconduc-
tor optimization. In this paper, we first introduce a bounded
triangular-current-mode (B-TCM) modulation scheme (see
Fig. 1(c.ii)), where the switching frequency is limited to,
say, 140 kHz, but ZVS is still guaranteed across the mains
cycle. The B-TCM approach is then extended to a sinusoidal
triangular-current-mode, or S-TCM, modulation scheme with
a constant current band of iband(t) = Îmax, where Îmax is the
maximum rated current amplitude of the converter system. The
proposed S-TCM scheme achieves ZVS across the full mains
period, like TCM, but also limits the maximum switching
frequency to, for example, 140 kHz (see Fig. 2(b)). In the end,
as we show, S-TCM results in a significant reduction in filter
requirements (nearly 5× lower required inductance than CCM)
while maintaining high bridge-leg efficiency, pushing AC-DC
power conversion towards both high efficiency and high power
density.

In Section II, the B-TCM modulation scheme is introduced
and analyzed before its extension to the proposed S-TCM
approach, which is comprehensively analyzed under three
specific modulation approaches. In Section III, we measure the
soft-switching losses of a 1200 V SiC MOSFET to analytically
calculate actual semiconductor losses under S-TCM modula-
tion. These calculations are experimentally validated with a
hardware prototype in Section IV, with excellent matching
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Fig. 2. The average phase current ia and the inductor current iLa over the AC period Tac for full-load, i.e. Po = 100%, part-load, i.e. Po = 50%, and no-load,
i.e. Po = 0%, and the corresponding local switching frequencies fsw for (a) B-TCM modulation scheme and (b) the three considered implementations of the
S-TCM modulation scheme, (i) S-TCMi, (ii) S-TCMii and (iii) S-TCMiii, for L = 53 µH and fsw,max = 140 kHz.

Table I
DC-AC converter specifications.

Po,max(3-Φ) Udc Uac ωac L

6.6 kW 800 V 230 Vrms 2π 50 Hz 53µH

between estimated and measured losses. Afterwards, Section V
compares the performance and key characteristics of the novel
S-TCM modulation to the conventional CCM and TCM mod-
ulation schemes, concluding that S-TCM outperforms both
CCM and TCM in terms of efficiency. Finally, Section VI
summarizes the findings of the paper.

II. B-TCM AND S-TCM ANALYSIS

Firstly, the state-of-the-art TCM solution with a large fre-
quency variation is investigated and extended to the bounded
TCM (B-TCM) modulation (shown in Fig. 1(d.ii)), where the
switching frequency is bounded by an upper limit but ZVS
is maintained. We reiterate here that the analysis of a single
phase of the 3-Φ system is sufficient due the uncoupled phase
filter structure.

Assuming a sinusoidal phase voltage, (i.e. ua(t) =√
2Uac sin(ωact)) and a constant DC-link voltage Udc, we can

define the modulation index:

M =

√
2Uac

Udc/2
= 0.81. (2)

Generally, the on- and off-times of the high-side switch are:{
ton(t) = 2L∆iL(t)/Udc

1−M sin(ωact)

toff(t) = 2L∆iL(t)/Udc
1+M sin(ωact)

,
(3)

with the time-dependent peak-to-peak current ripple ∆iL
and with Tsw(t) = ton(t) + toff(t) = 1/fsw(t); the switching
frequency is:

fsw(t) =
Udc

4L∆iL(t)
·
[
1−M2 sin2 (ωact)

]
. (4)

We can now analyze the switching frequency variation for
different choices of current bands. In particular, the band can
be modulated according to different side conditions, while
ensuring (a) the maximum frequency limitation and (b) ZVS
across the full mains cycle. Under the proposed modulation
schemes, it should be noted, a minimum turn-off current of
0 A may occur within the mains cycles. With 0 A turn-off
current, however, ZVS is only guaranteed for inverter operation
(DC-AC) with cosφ = 1. For rectifier operation, however, a
minimum turn-off current Imin ≤ |IL-| is required to ensure
full ZVS (according to the u− Zi diagram analysis [14]):
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Fig. 3. (a) S-TCM modulation area limited by the maximum switching
frequency fsw,max, i.e. β ≤ 1, and the ZVS limit to ensure ZVS under all
operating conditions, with indicated paths for the implementation of S-TCMi,
S-TCMii and S-TCMiii. (b) Minimum switching frequency within the allowed
modulation area across current band weighting β. (c) Inductor rms current, as
a ratio of the inductor rms current at full load, across the S-TCM operating
area. The conduction-loss-optimal S-TCMi implementation minimizes the rms
current for a particular load.

Imin =

√
MUdc

Z
with Z =

√
L

2Coss,Q
, (5)

where Coss,Q is the charge-equivalent output capacitance of
the bridge-leg semiconductor. Further, the zero-crossing de-
tector circuit [8] introduced later requires a small opposite-
polarity current for correct operation. Because these effects
are implementation-dependent, they are neglected in the the-
oretical analysis of the different modulation schemes but are
revisited in Section IV for the experimental verification.

A. Bounded-TCM (B-TCM)

The state-of-the-art TCM modulation (see Fig. 1(c.i)) [24]
uses the minimum current band to achieve ZVS with iband(t) =
|ia(t)| ≥ 0 A, assuming a turn-off current requirement of 0 A,
as mentioned before. Thus, this modulation scheme minimizes
the inductor rms current and ensures the minimum achievable
conduction losses for a TCM/ZVS system. By applying iband
to Eqn. (4):

fsw(t) =
Udc

8L

1

î
· 1−M2 sin2 (ωact)

sin (ωact)
> fsw,max, (6)

we can see that at angles close to ωact = 0, the instantaneous
switching frequency fsw is maximum. Therefore, if we want
to limit fsw,max to, e.g., 140 kHz (see Fig. 1(d.i)), the most
intuitive solution is to directly bound the maximum switching
frequency to fsw,max, which we call bounded-TCM (B-TCM),
which is active if r(t) = fsw(t)

fsw,max
≥ 1, or:

fsw(t) =

{
fsw,max · r(t) if r(t) < 1

fsw,max if r(t) ≥ 1
(7)

with

r(t) =
fsw(t)

fsw,max
=

Udc

8Lfsw,max

1

î
· 1−M2 sin2 (ωact)

sin (ωact)
. (8)

B-TCM, we should note, can be implemented with only a
simple zero-crossing detector and a calculation of the on-time
of the high-side switch, with the on- and off-times selected
under the constraint that a minimum period (corresponding to
fsw,max) is achieved.

The B-TCM implementation corresponds to an increase in
the current band iband in the intervals where fsw,max would
otherwise be exceeded, which occurs near the average current
zero crossings:

iband(t) =

{
|ia(t)| if r(t) < 1

|ia(t)| · r(t) if r(t) ≥ 1.
(9)

Fig. 2(a) shows the resulting current bands and the local
switching frequency for difference load cases. It should be
noted, that the frequency bounded interval, i.e. fsw(t) =
fsw,max, is load-dependent and extends with reduced load
currents, leading to a constant frequency modulation, similar
to PWM operation, at no-load.

While B-TCM minimizes the rms inductor current and
therefore the conduction losses under a maximum switching
frequency, it suffers from a discontinuous implementation
that complicates both the control and analysis, as well as
from relatively high average switching frequency, which might
generate larger semiconductor losses with non-negligible ZVS
switching losses, as we explain in Section III. Therefore,
the current envelope can be extended to a current band with
continuous sinusoidal current boundaries, supporting system
optimization from analytical closed-form expressions. In some
cases, we note, the resulting current boundaries are close to
the B-TCM results, as in Fig. 2(a) and (b), and at zero load
even identical.

B. Sinusoidal-TCM (S-TCM)

A solution is sought, then, that maintains ZVS, lowers the
maximum switching frequency, and is implemented with con-
tinuous current bands. To fulfill these constraints, we propose
a modulation scheme – named sinusoidal triangular-current-
mode, or S-TCM – with a sinusoidal current band iband. The
S-TCM approaches achieve ZVS, like TCM, across the full
mains period, but also limit the maximum switching frequency
to, for example, 140 kHz (to avoid the CISPR 11 band [3]
starting at 150 kHz).

The band can be varied between the constant frequency
modulation with iband,f(t) = |ia(t)| · r(t) and the constant
current band modulation with iband,i:
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iband,f(t) = Îmax ·
[
1−M2 sin2 (ωact)

]
(10)

iband,i(t) = Îmax, (11)

where Îmax is the maximum rated current amplitude of the
converter system. To allow the frequency to vary without
exceeding fsw(t) = fsw,max, we now introduce a current band
adaption factor β, that can be varied to move between the
constant frequency current band (β = 1) and the constant
current band (β = 0) (see Fig. 3):

iband(t, β) = Îmax ·
[
1− βM2 sin2 (ωact)

]
. (12)

This current band factor, β, maps to output power level and
can be considered as a knob to improve light-load efficiency
by reducing the current ripple.

With an unrestricted choice of β for any output load,
however, the ZVS condition may not be fulfilled if i+ and
i- are not always positive and negative, respectively, for the
whole mains period. With this second constraint, then, β must
be limited to guarantee ZVS at all operating points as:

i-(t) = ia(t)− iband(t, β) ≤ 0 A. (13)

Substituting the mains current ia and Eqn. (12) into Eqn. (13)
yields:

î sin(ωact) ≤ Îmax ·
[
1− βM2 sin2 (ωact)

]
, (14)

which has its critical operating case at sinωact = 1, where
ia is at its maximum and iband at its minimum. At this point,
the equation collapses to î < Îmax ·

(
1− βM2

)
, leading to the

ZVS constraint on β:

β ≤ 1

M2

(
1− î

Îmax

)
=

1

M2

(
1− Po

Po,max

)
. (15)

To fulfill the ZVS condition, then, β must be zero at the
nominal power and, under the maximum frequency constraint,
may be β = 1 at loads as high as Po

Po,max
= 1−M2. These points

are connected linearly, and this forms the allowed operating
range of S-TCM modulation under the ZVS and maximum
frequency constraints, as shown in Fig. 3(a).

The local switching frequency is then:

fsw(t, β) =
Udc

8LÎmax
· 1−M2 sin2 (ωact)

1− βM2 sin2 (ωact)
, (16)

where as long as β ≤ 1, fsw(t) ≤ fsw,max. Since the maximum
switching frequency was constrained in the original problem
definition, fsw still cannot exceed fsw,max, as desired. At the
current zero crossing (wact = nπ, with n = 1, 2, 3...) with
ton = toff, i.e. a 50 % duty cycle, the maximum switching
frequency occurs and is:

fsw,max =
Udc

8LÎmax
. (17)

The minimum switching frequency, however, may now
increase with β, and the switching frequency ratio is now

fsw,max

fsw,min
=

1− βM2

1−M2
. (18)

The minimum switching frequency fsw,min across the full β-
load S-TCM operating area is shown in Fig. 3(b) and for our

application and with the choice of fsw,max = 140 kHz (resulting
in an inductance value of L = 53 µH), fsw,min = 48 kHz and
fsw,max/fsw,min = 2.9, a small overall variation relative to the
fsw,max/fsw,min = 15 of traditional TCM modulation.

The β-load maps of Fig. 3 outline the allowed S-TCM
modulation area with the ZVS, continuity, and maximum
switching frequency constraints. From here, we determine the
analytical expressions for the switching losses and inductor
current as a function of β to quantitatively compare the specific
S-TCM modulation schemes.

1) Switching Losses: With current-dependent switching
losses Esw(Isw), the local switching losses for the bridge-
leg can be generally written as psw(t) = fsw(t) ·
[Esw(i+(t)) + Esw(i-(t))]. Under ZVS, the semiconductor
losses can be described with a quadratic loss function of
Esw = a+ b|Isw|+ c|Isw|2, a fitting found in [31] and [32] and
further experimentally verified in Section III. The average of
the local switching losses across the mains cycle is shown at
the bottom of page in Eqn. (19).

Psw(β) =
Udc

4Lβ2Îmax

{
β

(
1− 1− β√

1− βM2

)
a+

β2

(
1− M2

2

)
bÎmax+

β2

[
1− (1 + β)

M2

2
+

3βM4

8

]
cÎ2

max+[
β

2
+

1− β
M2

(
1− 1√

1− βM2

)]
ĉi2

}
(19)

2) Inductor Current: With the switching frequency and
switching losses defined, only conduction losses remain to
complete the analysis of the proposed S-TCM scheme. With
the triangular shape of the inductor current iL, the induc-
tor rms current over a switching cycle is determined by
the positive and negative current limits as iL,rms(t)

2 =
1
3

(
i2+(t) + i+(t)i-(t) + i2- (t)

)
, and can be used to calculate the

global inductor rms current as I2
L,rms = 1

Tac

∫ Tac

0
iL,rms(t)

2dt.
With the considered current band of Eqn. (12), the inductor
rms current is:

IL,rms(β) =

√
î2

2
+
Î2

max

3

(
1− βM2 +

3β2M4

8

)
. (20)

Fig. 3(b) shows the inductor rms current as a ratio of the cur-
rent at full load, across the full β-load operating area. Bridge-
leg conduction losses therefore follow as Pcond = Rds,onI

2
L,rms.

While the above results consider zero phase-shift between
the phase voltage and current and no third-harmonic injections,
these assumptions are relaxed in Appendix A to extend the
use cases of the proposed S-TCM scheme.

C. S-TCM Modulation Implementations

With the semiconductor losses and inductor rms current
determined for the generalized S-TCM approach, we propose
three specific S-TCM implementations with different benefits
and downsides. All of these approaches can be implemented
with only a zero-crossing detector [8] (i.e. high-bandwidth cur-
rent measurements are not required) and a simple calculation
of switch on- and off-times, as demonstrated in Section IV.



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJPEL.2020.3040036, IEEE
Open Journal of Power Electronics

1) Concept S-TCMi: Because βM2 ≤ 1 for all conditions,
an increase in β always reduces the rms current, cf. Fig. 3(c),
and, therefore, the minimum conduction losses occur at the
maximum β that is allowed under the particular load constraint,
cf. Fig. 2(b.i). The S-TCM modulation scheme achieving
minimal conduction losses, also referred as S-TCMi, then, is
β = 1 for Po

Po,max
< 1−M2 and a linear decrease with load to

β = 0 at Po = Po,max. This conduction-loss-optimal S-TCM
modulation is shown as the S-TCM bounding line in Fig. 3(a).

2) Concept S-TCMii: Now, a simpler S-TCM modulation
scheme S-TCMii can be introduced with a continuous function
that only depends on the load. Here, β is linearly adapted from
1 at no load to 0 at full-load, with the waveforms shown in
Fig. 2(b.ii) and the β-load line shown in Fig. 3(a).

While this scheme is not conduction loss minimizing,
the implementation is straightforward, and, as we show in
the next section, close to the total loss optimal modulation line.

3) Concept S-TCMiii: Finally, S-TCM modulation with a
constant current band (iband(t) = Îmax, or β = 0) that is
independent of the location in the mains cycle or the load
shown in Fig. 2(b.iii) is proposed, the ripple is ∆iL(t) =
2iband(t) = 2Îmax for a local switching frequency of:

fsw(t) =
Udc

8LÎmax
·
[
1−M2 sin2 (ωact)

]
. (21)

and the ratio simplifies to

fsw,max

fsw,min
=

1

1−M2
. (22)

Also the switching losses found for the S-TCM scheme in
Eqn. (19), can be simplified with β = 0 to

Psw =
Udc

4LÎmax

[(
1− M2

2

)(
a+ bÎmax + cÎ2

max

)
+

1

2

(
1− 3

4
M2

)
ĉi2
]
, (23)

where we see that most of the losses only depend on the
maximum designed current Îmax and only a small fraction are
load-dependent (̂i). Similarly, with β = 0 under the constant
current bands proposed in this section, the inductor rms current
is simply:

IL,rms =

√
î2

2
+
Î2

max

3
, (24)

which is the superposition of the average output current and a
triangular high-frequency current with magnitude Îmax.

With B-TCM and three different implementations of S-TCM
proposed and analyzed, we seek to minimize the total bridge-
leg losses under the key constraints of ZVS, continuity in
implementation, and a maximum switching frequency. This
total loss minimization is the focus of the next section, where
the measured switching losses in a low-Rds,on SiC MOSFET
form the foundation of an analysis of the preferred S-TCM
modulation scheme.
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Fig. 4. Measured soft-switching losses Esw of the C3M0016120K for a full
bridge-leg (Udc = 800V) across switched current Isw. Hard-switching losses
are reproduced from [31].

Table II
Fitted switching loss coefficients for a 1200V SiC MOSFET

(C3M0016120K) operated at Udc = 800V, valid for
Esw = a+ b|Isw|+ c|Isw|2.

Coefficient Soft-Switched Hard-Switched
a in µJ 12.9 312.9
b in µJ/A -0.7 7.7
c in nJ/A2 55.6 55.0

III. EXPERIMENTAL ANALYSIS

A. Switching Loss Characterization

To quantitatively analyze and predict the losses in an S-TCM
modulated DC-AC converter with the specifications of Table I,
the switching losses Esw(Isw) must be known for the selected
power semiconductors. Here, we select the lowest-Rds,on SiC
MOSFET from Cree’s 3rd-generation family (C3M0016120K),
a 16 mΩ and 1.2 kV device. The measured on-resistance at
60 °C of 18.09 mΩ is used for all of the following calculations.

The soft-switching losses of this device are measured in
a calorimetric setup [32] (with adapted deadtimes to ensure
complete soft-switching) and reported in Fig. 4, with the hard-
switching losses from [31] included for completeness. Gating
losses of 4.2 µJ per cycle are included in the switching losses,
and total bridge-leg losses are shown for two conditions: two
soft-switching transitions (S-TCM and other TCM schemes)
and one hard- and one soft-switched transition (CCM).

Firstly, we underline the importance of soft-switching mod-
ulation schemes generally, as the losses at low soft-switched
currents are 13× lower than the zero-current (minimum) hard-
switching losses. Secondly, we see that the quadratic current-
dependent loss formula (Esw = a + b|Isw| + c|Isw|2) fits
both soft- and hard-switched losses accurately, with the fitted
loss coefficients for a single hard or soft transition given in
Table II. We reiterate that the current-independent coefficient
a includes the gating losses of the MOSFET (4.2 µJ in this
case), which are non-negligible for soft-switched converters.

For the operating conditions of Table I and the selected
power device, Eqn. (5) gives a required turn-off current of
3.0 A to achieve full-ZVS across the full operating range.
Similarly, the 200 ns delay in the implemented zero-crossing
detector (ZCD) circuit [8] – including the transformer &
comparator (80 ns), FPGA read-in and calculation (56 ns),
gate driver propagation delay (24 ns), and switch turn-on time



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/OJPEL.2020.3040036, IEEE
Open Journal of Power Electronics

2.50
2.50

0.00 0.25 0.50 0.75 1.00

(b)

Relative Output Power Po/Po,max

2.00

1.25

2.75

0.50

3.50
Psw (W)

2.75
2.75

3.003.00 Psw Opt.
Path

C
u
rr

en
t 

A
d
ap

t.
 F

ac
to

r 
β

0.25

0.50

0.75

1.00

0.00

2.00

1.25

2.75

0.50

3.50

(a)

Relative Output Power Po/Po,max

0.00 0.25 0.50 0.75 1.00

Pcond (W)

1.
25

1.
251.0

0
1.0

0

1.
50

1.
50

1.
75

1.
75

2.
00

2.
00

Pcond Opt.
Path

0.7
5

0.7
5

0.00 0.25 0.50 0.75 1.00

(c)

Relative Output Power Po/Po,max

Psemi (W)

Psemi Opt.
Path

3.
75

3.
75

4.
00

4.
00

4.
50

4.
50

4.
75

4.
75

5.
00

5.
004.

25
4.

25

3.25

6.25

4.00

4.75

5.50

3.
5

3.
5

Fig. 5. (a) Conduction Pcond, (b) switching Psw, and (c) total semiconductor losses Psemi evaluated over the full operating area. The x-axis is the load level
as a ratio of the nominal power of 2.2 kW (see Table I) and the y-axis is the current adaption factor, β. For a given load, β can be selected to give the optimal
conduction losses as shown by the load-dependent path in (a), the optimal switching losses in (b), or the optimal total semiconductor losses in (c).

P
sw

 /
 P

se
m

i 
(%

)
75.0

62.5

87.5

50.0

100.0

Relative Output Power Po/Po,max

C
u
rr

en
t 

A
d
ap

t.
 F

ac
to

r 
β

0.25

0.50

0.75

1.00

0.00
0.00 0.25 0.50 0.75 1.00

8080

6060

6565

7575

Fig. 6. Ratio of the switching losses to the total semiconductor losses
Psw/Psemi over the full S-TCM modulation range. Optimal conduction,
switching, and total semiconductor loss paths from Fig. 5 are overlaid.

(40 ns) – require a minimum current of 2.8 A for correct op-
eration. With these two constraints, a minimum soft-switched
current of IL- = −3.5 A is selected to include margin. This
selected current is around 10 % of the peak inductor current,
supporting the choice of the low-Rds,on power MOSFET.

B. Bridge-Leg Losses in S-TCM

With the switching losses of the selected device charac-
terized as a function of switched current, the conduction
Pcond, switching Psw, and total semiconductor losses Psemi =
Pcond + Psw are now evaluated across the full operating area
of the S-TCM modulation concept under the specifications of
Table I. These results are shown in Fig. 5.

As predicted in Section II-C1, the minimum conduction loss
modulation scheme – under the maximum switching frequency
and ZVS constraints – is to follow β = 1 until Po

Po,max
= 1−M2

and then linearly decrease β to full load. This follows the
intuition that the maximum possible β minimizes the current
ripple and therefore the rms current. Across this load range,
conduction losses (Fig. 5(a)) increase from 0.5 W at zero load
and β = 1 to above 2.8 W at full load. If β = 0 was kept across
the full cycle for minimum switching losses, the conduction
losses at zero load would be more than 2× larger.

Fig. 5(b) shows the switching losses across the S-TCM
regime, using the losses measured in (and coefficients derived
from) Fig. 4. The switching-loss-optimal modulation path is
not directly known, since higher β reduces the switched current
(lower energy loss per cycle) but increases the switching
frequency (see Fig. 3(b)). The relative importance of these
will change on a device-by-device basis. For the selected
MOSFET, the soft-switching losses are relatively flat with
current (relatively small b and c coefficients, as given in
Table II), and the path that minimizes switching losses is

β = 0 for the full load range. The switching losses vary from
2.5 W at zero load to nearly 3.5 W.

Finally, these loss contributions are combined in Fig. 5(c) for
the total semiconductor losses, which vary between 3.4 W and
6.0 W. The total-loss-optimum modulation path is highlighted.
This path is dependent on the particular power device, but for
the SiC MOSFET chosen here, happens to fall near the S-
TCMii modulation scheme outlined in Section II-C2. This
optimal modulation path will be highly device-dependent,
and, further, we note that S-TCMii may be preferred to S-
TCMiii modulation with a constant current band outlined in
Section II-C3 for its ability to save cost with smaller (higher-
Rds,on) devices in some applications. In Fig. 6, the relative con-
tributions from conduction and switching losses is delineated.
At full load, the conduction and switching losses are nearly
equal, with switching losses contributing the majority of the
losses over the remainder of the S-TCM operating region.

At maximum output power, the S-TCM modulation scheme
(at full load, the three specific approaches dovetail into one) re-
sults in 6.0 W of bridge-leg losses, with 2.8 W conduction and
3.2 W switching losses. The B-TCM implementation results in
5.7 W of semiconductor losses, divided into 2.3 W conduction
and 3.4 W switching losses, with slightly lower rms currents
but higher switching frequencies across the line cycle. With
similar switch losses, the sinusoidal band is preferred for the
implementation continuity.

In the next section, we move to validate these loss predic-
tions in a full hardware demonstrator operating under multiple
S-TCM modulation schemes, simultaneously showing the util-
ity of the proposed modulation scheme (relative to CCM and
TCM) and the accuracy of the loss estimates.

IV. MEASUREMENT RESULTS

The theoretical analysis of the S-TCM converter operation
is verified by hardware measurements. The hardware prototype
is a single-phase, 2.2 kW DC-AC converter (one phase of
the structure of Fig. 1(a)) with the specifications of Table I,
C3M0016120K SiC MOSFETs as the power semiconductors,
and an L-C filter with L = 52 µH and C = 8.8 µF. We reiterate
that the maximum switching frequency of 140 kHz is selected
to avoid fundamental frequency components in the CISPR 11
band that starts at 150 kHz.

Since the theoretical model assumes zero transition times
and no phase shift between the output phase and current
(neither of which are strictly true), the filter inductance can
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Fig. 7. Measured oscilloscope waveforms of phase voltage (ua,n), phase current (ia), and inductor current (iL,a) for (a) 50% load under S-TCMiii, with predicted
rms current of 9.16A and measured rms current of 9.40A, (b) 50% load under S-TCMii, with predicted rms current of 8.13A and measured rms current of
8.43A, and (c) full load (β = 1), with predicted rms current of 12.32A and measured rms current of 12.95A. Measured fast Fourier transform (FFT) for the
inductor current shown, with the maximum and minimum switching frequencies in each mode highlighted. Scale: 100V/div, 10A/div, 4ms/div, 20 kHz/div
and 10dBµA/div.

be reduced from the predicted L = 53 µH to L = 52 µH while
maintaining a maximum switching frequency below 140 kHz
across the full operating range. An inductor design is selected
from the optimal front of a Pareto optimization following the
design guidelines proposed in [33] under the constraints of
inductance value, saturation current, and thermal limits, and
this selected inductor is implemented with 5 stacked E40/16/12
N87 cores with 12 turns of litz wire (765 strands x 71 µm) for
a volume of 106 cm3 and 6 W of expected losses at full power.

Measurements of the phase voltage (ua,n), phase current (ia),
and inductor current (iL,a) are given in Fig. 7 for 50 % load
under S-TCMiii with constant band (Fig. 7(a)), 50 % load
under S-TCMii (Fig. 7(b)), and full load (Fig. 7(c)) conditions
(as mentioned above, the current band is increased for full
load to meet the ZCD requirements). The prototype inverter is
tested with a variable resistive load. At higher β for the same
load – comparing S-TCMii (Fig. 7(b)) to S-TCMiii (Fig. 7(a))
at 50 % load – the inductor rms current is lower for reduced
conduction losses, reducing from 9.4 A (S-TCMiii, predicted
at 9.16 A) to 8.43 A, predicted at 8.13 A (S-TCMii). At full
power, the rms current prediction error increases (12.95 A
measured against 12.32 A predicted) due to the additional
current for soft-switching and the ZCD circuit operation (as
detailed in Section III). For the full load operation, the current
band is increased slightly near the current peak to ensure
correct operation of the ZCD circuit and ZVS across the line
cycle, resulting in a wider spectrum and a larger error between
predicted and measured currents. Note the significant reduction
in rms current at partial load when moving from S-TCMiii (a)
to S-TCMii (b), resulting in higher light-load efficiency.

Additionally, the inductor current fast Fourier transform
(FFT) is shown in Fig. 7 for the three operating points. The
switching frequency is, as desired, limited to 140 kHz, and the
measured noise is lowered by around 20 dB µA by the start of
the EMI band at 150 kHz. The minimum switching frequency
depends on the operating point (as shown in Fig. 3(b)), with
these values also highlighted in Fig. 7. Theoretically, the
frequency variation for Fig. 7(a) and Fig. 7(c), which both
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Fig. 8. Calculated and measured semiconductor bridge-leg losses in the
hardware prototype operating with the proposed S-TCMii approach. The total
calculated losses Psemi are broken out into conduction losses Pcond and
switching losses Psw, and the measured semiconductor losses are shown
as circles. The maximum error between predicted and measured losses is
0.3W, for a bridge-leg loss estimation within 10% across the load range and
modulation scheme.

have β = 0, should be the same, but the spectrum is wider at
full load (Fig. 7(c)) to the increased bands for the ZCD circuit
and soft-switching operation. We note that, while the frequency
variation is much smaller than under traditional TCM operation
(Fig. 1(d.i)), this 3× variation in switching frequency still
introduces spread spectrum harmonics (e.g. fundamental from
50 kHz to 140 kHz, 2nd harmonic from 100 kHz to 280 kHz,
etc.) that overlap with the regulatory band and complicate the
EMI filter design.

For a grid-tied application, the filter capacitor C is selected
such that the high-frequency voltage ripple is below 1 % of
the fundamental amplitude, corresponding to 4.5 µF. With
the assumption of isolated heat sinks and negligible parasitic
switch-node to earth capacitances, a 2nd EMI filter stage with
a cutoff frequency of 35 kHz would be needed to attenuate
the remaining differential and common mode noise (104 dBµV
located at 150 kHz) by 25 dB to meet CISPR Class A.

Finally, the loss estimates of Section III are verified across
output load for the S-TCM converter prototype operating in
S-TCMii. Fig. 8 shows the predicted and measured (based on
a calorimetric setup [32]) losses, with the calculated losses
broken out into separate conduction and switching losses. The
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error between the measured and calculated losses is below
10 % or 0.3 W, an excellent matching for the proposed theory.
This small error is attributed to diode conduction losses and
the current band increase near full load.

The measured bridge-leg efficiency reaches over 99.7 % at
the nominal load, with S-TCMii benefiting from lower con-
duction losses but incurring higher switching losses at partial
load. With a weaker dependence on the temperature coefficient
of the MOSFET on-resistance, the S-TCMii implementation
will be preferred over S-TCMiii in applications with a large
temperature range or significant self-heating.

For three-phase systems operating with the proposed S-
TCM modulation schemes, a third harmonic can be injected,
supporting a 15 % higher output voltage [34] with reduced
frequency variation (between 70 kHz to 140 kHz at full load).
S-TCM operation with third harmonic injection and operation
with phase-shifted currents (i.e. non-zero phase between the
phase voltage and current) are detailed in Appendix A.

V. COMPARISON TO CCM AND TCM

Finally, the experimentally-validated S-TCM performance of
a bridge-leg and output filter must be compared to the conven-
tional CCM approach to validate the benefits of the proposed
modulation scheme. The inductor current and average output
current under CCM modulation at full load and zero load are
shown in Fig. 9.

The CCM converter switching frequency is selected at
48 kHz, which keeps the 3rd harmonic below 150 kHz, and a
current ripple with an rms value of 20 % of the low-freqeuncy
amplitude îmax is assumed, leading to a required inductance
of 315 µH. Again, the inductor is selected through a Pareto
optimization following the design guidelines proposed in [33],
and a constant loss design (relative to the implemented S-TCM
inductor) is selected for 6 W of inductor losses (same as for
S-TCM operation, cf. Section IV). The required volume is
167 cm3 (2 stacked U 30/25/16 N87 cores with 27-turn litz
wire of 324 strands x 0.1 mm) for a volume increase over the
S-TCM inductor of 58 %.

Here, a filter capacitor C of 2.6 µF is required to limit the
high-frequency ripple to 1 % of the fundamental amplitude.
In this case, the 2nd EMI filter stage would have a cutoff
frequency of 75 kHz to damp 16 dB at 192 kHz. While this
may result in a slightly smaller second stage than under S-
TCM, any volume reduction here will be dwarfed by the 58 %
volume penalty of the filter inductor L (the S-TCM inductor
design details are given in Section IV).
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Fig. 10. Predicted losses across load for (a) the CCM benchmark, with a
switching frequency of 48 kHz and an inductor of 315 µH and for (b) the S-
TCM hardware prototype operating in S-TCMii mode (semiconductor losses
from Fig. 8) and an inductor of 52 µH.

The semiconductor losses in the proposed CCM compar-
ison are calculated using Table II, assuming a continuous
chip area to select the optimal die size at the maximum
output power, following the scaling proposed in [35]. For
the optimized 36 mΩ device, 13.4 W of semiconductor losses
occur at maximum power (4.4 W conduction losses, 9.0 W
switching losses), more than double the measured losses at full
load with S-TCM modulation. Increasing the CCM switching
frequency to 72 kHz still renders the legacy modulation scheme
noncompetitive, with the inductor volume penalty of 60 % and
3× higher bridge-leg losses (18 W at an optimized die area
corresponding to a 40 mΩ on-resistance) than under S-TCM.

The total losses under CCM and S-TCM are compared in
Fig. 10, respectively, combining the inductor (PL), switching
(Psw), and conduction (Pcond) losses across load. For the CCM
modulation scheme (Fig. 10(a)), the peak efficiency is 99.1 %
total with a bridge-leg efficiency of 99.4 %. For the proposed
S-TCM approach (Fig. 10(b)), the peak efficiency is 99.5 % to-
tal with a bridge-leg efficiency of 99.7 %. While both concepts
result in a similar EMI filter requirement, the semiconductor
losses in the proposed S-TCM modulation are 55 % smaller
smaller than with CCM while at the same time featuring
a more compact filter inductor realization (cf., Table III).
Finally, we can also compare the proposed S-TCM modulation
scheme with conventional TCM modulation. As highlighted in
Section I and Fig. 1, TCM modulation achieves soft-switching
but at the expense of a large switching frequency variation,
including operating above the 150 kHz EMI regulatory limit
[3] for part of the line cycle. The inductance value is selected
to be 42 µH, such that the minimum switching frequency
is the same as in S-TCM (48 kHz, cf., Table III), leading
to a frequency peak of of 684 kHz. In order to meet the
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Table III
Comparison between modulation schemes for AC-DC power conversion

under the specifications of Table I and designs evaluated here. Inductor and
semiconductor losses are given at nominal power.

CCM TCM S-TCM

Minimum fsw 48 kHz 48 kHz 48 kHz
Peak fsw 48 kHz 684 kHz 140 kHz

fsw Variation 1× 14.3× 3×
Rds,on 36 mΩ 16 mΩ 16 mΩ
Pcond 4.4 W 2.7 W 2.8 W
Psw 9.0 W 5.2 W 3.2 W

Required Inductance 315 µH 42 µH 53 µH
Inductor volume 167 cm3 107 cm3 106 cm3

Inductor losses 6.0 W 5.9 W 6.0 W

high-frequency output voltage ripple requirement of 1 % of
the fundamental amplitude, a filter capacitor C of 4.6 µF is
required. The 2nd EMI filter stage would require a cutoff
frequency of 22 kHz to attenuate 33 dB at 150 kHz, which
is approximately 10 dB more than for the S-TCM and hence,
increases the final volume of the EMI-filter. In addition to these
additional EMI constraints, the large switching frequency vari-
ation complicates the digital control implementation and the
inductor design. TCM designs, further, incurs higher switching
losses than the proposed S-TCM scheme, i.e. 5.2 W instead of
3.2 W, due to the higher switching frequency near the zero
crossings.

Table III summarizes the results of the comparison between
CCM, for which an optimal device selection with a die
area corresponding to a 36 mΩ on-resistance is used for the
calculation, and TCM and the proposed S-TCM modulation,
both using the 16 mΩ device used in this work which features
a good trade-off for soft-switched applications between the
minimum required ZVS turn-off current (which increases for
increasing die area) and conduction losses (which decrease
with increasing die area). For a common baseline among the
compared modulation schemes, we reiterate that we choose the
minimum switching frequency of the TCM and S-TCM to be
the same by adapting the inductance value of the TCM case,
and we select the inductors such that they can be realized with
the smallest volume while limiting the losses to 6.0 W.

VI. CONCLUSION

The proposed S-TCM scheme achieves both higher effi-
ciency and lower volume (due to the lower required filter
inductance) compared to CCM. With the ability to zero-
voltage-switch over the full mains cycle, the continuous current
band implementations, and the maximum frequency limit, the
proposed S-TCM scheme addresses many of the shortcomings
of both hard-switched (CCM) and soft-switched (TCM) mod-
ulation approaches for AC-DC power conversion. Further, this
scheme supports phase modularity to scale to higher power
levels and inherently includes both common- and differential-
mode filtering.

Alternative concepts for 3-Φ, soft-switched converters do
not inherently filter common-mode (although the CM noise
is analyzed in [36]), but these approaches are promising [16,
18] and should be evaluated directly against the proposed S-
TCM scheme on switching losses, conduction losses, and filter

volume and losses with both differential- and common-mode
filtering. Only this complete, robust comparison can determine
the right soft-switched modulation scheme to replace CCM in
this critical power conversion application suite.

APPENDIX A
SINUSOIDAL MODULATION AND THIRD HARMONIC

INJECTION UNDER S-TCM

To extend the proposed modulation schemes to a broader
suite of applications, operation under two additional conditions
is detailed here. Firstly, sinusoidal modulation with a phase-
shifted current is considered to extend the schemes to, for
example, motor drives, where it is typical for the current and
voltage not to be fully in-phase, or grid-connected applications
where reactive power compensated is required. We then detail
third harmonic injection, which adds a zero-sequence compo-
nent to the voltages generated against the DC-link midpoint
without impacting the sinusoidal line-to-line voltages in 3-Φ
systems.

A. Sinusoidal Modulation with Phase-Shifted Current

We consider a phase shift between the ac voltage and ac
current such that ia(t) = î sin(ωact+ φ). The current band,
though, is only dependent on the maximum current, so the
phase shift has no influence, and the current band is still given
by Eqn. (12) and the local switching frequency is still given
by Eqn. (16). The current limits i+ and i-, however, change
and, with φ = 0 as the worst-case for guaranteeing ZVS, the
operating area can be extended for cosφ < 1.

With the phase shift, the rms current remains identical and
is still given by Eqn. (20). Following the same derivation for
switching losses that is used in Section II leads to, for an
arbitrary phase-shift φ and β = 0:

Psw(β = 0, φ) =
Udc

4LÎmax

[(
1− M2

2

)(
a+ bÎmax + cÎ2

max

)
+

1

2

(
1− 2 + cos(2φ)

4
M2

)
ĉi2
]

(25)

and, across β:

Psw(β, φ) =
Udc

4Lβ2Îmax

{
Aa+BbÎmax + CcÎ2

max +Dĉi2
}
(26)

with:

A =β

(
1− 1− β√

1− βM2

)
,

B =β2

(
1− M2

2

)
,

C =β2

[
1− (1 + β)

M2

2
+

3βM4

8

]
,

D =
β

2
+

1− β
M2

(
cos (2φ) +

(
βM2 − 2

)
cos(2φ)− βM2

2
√

1− βM2

)
.

The phase shift only influences the coefficient D and, for φ =
0, the equations collapse to Eqn. (19) or Eqn. (23).

For a given current amplitude, î, a phase shift (or reduction
in cos(φ)) leads to an increase in the switching losses, as a
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Fig. 11. The average phase current ia and the inductor current iLa over the AC
period Tac for full-load (Po = 100%), partial load (Po = 50%), and no-load
(Po = 0%) conditions, and the corresponding local switching frequencies fsw
considering a third harmonic voltage component under S-TCMii (a) without
a phase-shift and (b) with a phase-shift of φ = 45°.

higher instantaneous current occurs at the switching frequency
maximum. For the specifications considered here (see Table I)
and the maximum output current of î = Îmax, a maximum
switching loss increase of 14 % occurs for φ = ±90°.

B. Third Harmonic Injection with Phase-Shifted Current

To increase the modulation index in 3-Φ systems without
affecting the sinusoidal shape of the line-to-line voltages
(which define, for example, the mains or motor current),
we superimpose a harmonic voltage component with 3× the
ac frequency. The amplitude of the harmonic component is
selected as M/6 in order to achieve the maximal possible
modulation index of M = 2√

3
≈ 1.15 (under the side condition

of sinusoidal phase-to-phase voltages) [37].
Under these third harmonic injection conditions, the phase

voltage is ua(t) = MUdc sin(ωact) + M
6 Udc sin(3ωact) and the

corresponding current is ia(t) = î sin(ωact+ φ). The resulting
switching frequency, following the derivation in Section II, is:

fsw(t, β) =
Udc

8LÎmax
· 1

36
[
1− βM2 sin2 (ωact)

] · (27)[
36− 36M2 sin2 (ωact)−M2 sin2 (3ωact)+

6M2 cos (4ωact)− 6M2 cos (2ωact)
]
,

This switching frequency waveform is shown in Fig. 11,
where we see two local maximas at ωacti = nπ and ωactii =
π
2 + nπ with n ∈ Z, as:

fsw,max,i(ti, β) = fsw,max =
Udc

8LÎmax
(28)

fsw,max,ii(tii, β) = fsw,max ·
1− 25

36M
2

1− βM2
. (29)

To continue to ensure fsw(t, β) < fsw,max, β must be re-
stricted to values below 25/36 ≈ 0.69 (or, equally, β = 25/36
corresponds to fsw,max = fsw,max,i = fsw,max,ii). To consider S-
TCMii under third harmonic injection, then, the modulation
scheme behavior can be re-derived with β = 25

36

(
1− î

Îmax

)
,

with the corresponding waveforms shown in Fig. 11. Again
following the derivations of Section II (and with the same
rms current, which is independent of φ), we find switching
losses of:

Psw(β = 0, φ) =
Udc

576LÎmax

[(
144− 74M2

)(
a+ bÎmax + cÎ2

max

)
+(

72− 37M2 − 12M2 cos(2φ)
)
ĉi2
]

(30)

and, with an arbitrary β:

Psw(β, φ) =
Udc

576Lβ4ÎmaxM6
· (31){

Aa+BbÎmax + CcÎ2
max + 2[D + E cos(2φ)]ĉi2

}
with:

A =4βM2
(
16− 64βM2 + 51β2M4

)
+

4βM2

(
−16 + 72βM2 − 81β2M4 + 36β3M4√

1− βM2

)
,

B =2β4M6
(
72− 37M2

)
,

C =β4M6
(
144− 74M2 − 72βM2 + 49βM4

)
,

D =16βM2 − 64β2M4 + 51β3M6+

−16βM2 + 72β2M4 − 81β3M6 + 36β4M6√
1− βM2

,

E =32− 144βM2 + 166β2M4 − 72β3M4 − 14β3M6+

160βM2 − 234β2M4 + 72β3M4 + 81β3M6 − 36β4M6 − 32√
1− βM2

.

At the maximum output current and with no phase-shift
(Fig. 11(a)), the switching losses are almost identical to
the case without a third-harmonic-voltage component (around
3.2 W per phase). The relative increase of switching losses
across phase shift and output power under third harmonic
injection is shown in Fig. 12, with the maximum of 10% for the
considered design occurring again at î = Îmax and φ = ±90°.
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