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Modeling of a Three-Phase ZVS Mixed Conduction Mode DC-AC Inverter Into
Equivalent Single-Phase DC-AC Inverters

Sungjae Ohn ", Nidhi Haryani

Abstract—To achieve zero-voltage switching (ZVS), triangular
conduction mode (TCM) delays the turn-OFF time of SiC MOS-
FETs to generate a reverse current that discharges the junction
capacitance—voltage before a MOSFET turns ON. In the literature,
TCM has been combined with discontinuous conduction mode
(DCM) and discontinuous pulsewidth modulation to achieve ZVS
in three-phase inverters. However, the coupling between the three
phases, and transitions between the different modes cause com-
plexity in the modeling and current control. This article presents a
simple modeling approach where the modeling and analysis for an
equivalent single-phase TCM and DCM inverter can be directly ex-
tended to this mixed conduction mode. Thanks to the simplicity, not
only the impact of the three-phase coupling can be compensated,
but also small signal gains for current control can easily be derived.
The proposed modeling approach has been verified by SIMPLIS
simulation and experimental tests with a three-phase PV inverter.

Index Terms—Small signal modeling, soft switching, triangular
conduction mode (TCM).

I. INTRODUCTION

IDE-BANDGAP (WBG) devices, such as silicon car-

bide (SiC), have expanded their market share for grid-
connected applications, as shown in Fig. 1. The switching loss
of SiC devices is reported to be concentrated at a turn-ON
instant. Therefore, if turn-ON loss can be eliminated through
zero-voltage switching (ZVS), the switching frequency can be
elevated and the power density of the photovoltaic inverter can
be significantly improved. Triangular conduction mode (TCM)
is one of the ZVS methods for single-phase dc—ac inverter [1],
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Fig. 1.
tions.

Circuit for a three-phase three-level inverter for photovoltaic applica-

[21, [3], [4], [5]- By extending the turn-OFF time, ZVS can be
achieved without any auxiliary circuitry.

However, in three-phase applications, all phases are coupled
through the neutral point of the load. This coupling complicates
the analysis of the current slope for the TCM operation. In [6],
[7], [8], and [9], additional capacitors are inserted to run three
phases independently. However, the filter inductors are exposed
to a wide switching frequency variation, and the modulation
index (MI) range is limited.

To increase the MI range and narrow down the variation of
the switching frequency, a modulation with mixed conduction
mode is proposed [10], [11], [12], namely, TCM, discontin-
uous conduction mode (DCM), and discontinuous pulsewidth
modulation (DPWM). While one phase is clamped to positive
or negative dc-rail, the other two operate in TCM and DCM.
The conduction mode for each phase alternates according to
the angle of current reference and the variation of switching
frequency is narrow. However, the detailed modeling of such a
modulation scheme has not been investigated. Especially, how
the three-phase coupling will impact the current slope, thus the
dynamics of TCM, and DCM operation is not clear.

In this article, a single-phase equivalent model for this mixed
conduction mode modulation has been presented. The mod-
eling approach decomposes the three-phase inverter into two
independent single-phase inverters. Such an approach not only
significantly simplifies the analysis of the modulation but also
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Fig. 2. Switching sequences to achieve ZVS for the three-level three-phase

inverter. (a) DPWM phase to the negative dc-rail case. (b) DPWM phase to the
positive dc-rail case.

TABLE I
DEFINITION OF SWITCHING STATES

“Switching state Q1 Q2 Q3 Q4

C o

P ON ON OFF OFF

(0] OFF ON ON OFF

N OFF OFF ON ON

OPEN OFF OFF OFF OFF
]Z:);l;e:::‘;il‘;‘:‘ = DCM ® TCM ® Clamped
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Fig. 3. (a) State diagram of the switching sequence. (b) Transition of three
different conduction modes for ZVS of three phases.

enables the control scheme for the single-phase inverters to be
extended to the mixed conduction mode modulation, such as
closed-loop interleaving. The proposed modeling is verified with
SIMPLIS simulation and experimental results.

II. SWITCHING SEQUENCE FOR ZVS OPERATION

In this section, the switching sequence under study as Fig. 2 is
briefly explained. The switching state of the three-level phase leg
is summarized in Table I. The conduction mode for each phase
is determined by the sector of the current reference, as shown
in Fig. 3(b). Due to the symmetry in the three-phase system,
the switching sequence can be classified into only two cases, as
shown in Fig. 2. The difference between the two cases is in the
DPWM. “P” and “N” for the DPWM indicate the direction of
the clamping, similar to DPWMG60.

By the switching of the other two phases, the DPWM phase
current (Zclamp ) is determined through the three-phase coupling.
Inboth cases, the zero-crossing detection (ZCD) of é¢jamp 18 used
as an indicator for the beginning of the next switching cycle [10],
[11], [12]. The state diagram is shown in Fig. 3(a).
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For the DCM phase, the MOSFETs remain open except for
ON-time (fdem,on)- The tdem,on 1S placed at the beginning of the
OFF-time of the TCM phase (ticm ofr) in Fig. 2, and determines
the average current (7gem )-

For TCM phase, the TCM phase current (i, ) is built up,
during TCM phase ON-time (tiem on). and goes back to zero
during t¢cm of . The value of ¢y on determines the average value
of item (item ). However, due to the DCM phase, the slope of
iyem changes. TCM OFF-time with “O” state is extended by t g,
and generates a reverse current (/). The total switching period
(tsw) can be written as

tsw =tr +1tr2 + ttcm,on + ttcm,off- (1

III. IMPACT OF THREE-PHASE COUPLING

Since the dynamics of the TCM operation largely rely on
the current slope and zero-current detection (ZCD) instant, the
analysis, and control for the single-phase TCM inverter cannot
be directly extended to the mixed mode modulation. This section
reveals an intuitive understanding on the impact of the three-
phase coupling on %4, and the average currents.

Except for tqem,on and tqem,off, DO MOSFETS or diodes on the
DCM phase are ON, and the TCM and DPWM phase operate
like a single-phase TCM inverter. When the DCM phase doesn’t
switch, di/dt of iy is defined as Ogem,on and dgem of, as
shown in Fig. 4, where €tcm, €dem» and eclamp are the grid
voltages across the filter capacitor (C1 4y, ) of the corresponding
conductionmode, and L1 4, is the filter inductance. The polarity
of the clamping direction is represented by Pol as

1,  if clamping is toward P
— 1,

Pol = 2)

if clamping is toward N.

Similarly, di/dt of igem is defined as dgem on and ddem off- The
equations for these current slopes are summarized in Table II.
The impact from the three-phase coupling occurs during ¢qem,on
and ?qem off - Considering half of the DCM current flows into the
other two phases and based on Table II, the di/dt of all three
phases can be written as Table III.
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TABLE II
EQUATIONS FOR CURRENT SLOPES

:
Current slope Equation
:

PolxVy.—(eem 75clamp)

5tcm,on 2L1 gm

5 Pol*Vy, /2*(€1cm*ec]amp)
tem,off 2L1 gm

5 Pol* Ve /2—edem
dem,on T Liaw

— Pol* Vg, /6—egq
ddem,off w
TABLE III

SUMMARY OF CURRENT SLOPES FOR EACH PERIOD
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Fig. 5.  Decomposition of three-phase TCM inverter. (a) Equivalent single-
phase TCM inverter. (b) Equivalent single-phase DCM inverter.

TABLE IV
ANALYTIC SOLUTIONS FOR THE AVERAGE CURRENTS

Time period TCM phase DCM phase DPWM phase
ttcm,on 5lcm,on N/A *6lcm.on
tdcm,on 5tcm,0ff - ‘Sclcn% 5dcm,on _5tcm,olT_ 6dcm2.on
tdcm,off 5lcm,0ff - %#off 5dcm,oﬁ 75[cm,off7 dcmzoﬂ‘

Rest of tgy 0 tem,off N/A —tem,off

A. Switching Period, tsy

The DCM phase returns to zero as (3) after {qem,o. The
value of the TCM current after the DCM phase turns OFF
(Gtem|t=tqem or ) Can be simplified as (4)

5dcm,ontdcm,on + 5dcm,0fftdcm,off =0 (3)

itCm|t:tdcmyoff = 6tcm,onttcm,on + 5tcm,oﬁ(tdcm,on + tdcm,off)'
4)

An important observation can be made from (4). First, since
idem gOes back to zero, dyem |1=t,.,, . does not change whether
the DCM phase is switched or not. This is visualized with the
simulation waveform in Fig. 4. The currents of the TCM and
DPWM phase without the DCM phase operation are labeled as

Ltem,s» and Lclamp,s-

B. Average Currents

From its triangular shape, the average value of ¢4, can be
derived as (5). The loss of charge on ¢, compared to Zicm, s
during tdcm,on (AQdcm,on) and tdcm,off (AQdcm,off) can be
calculated. The value of AQdcm, on + AQdem ot €quals the half
of igemtsw as (6). This confirms that when the DCM phase
operates, the impact on the average current will be that the 7qem,
is split to the TCM and DPWM phase by a half.

. t2 54

o = cmson o emon | 1— cm,on 5

d 22tsw dem, ( 6dcm7off> ( )
zdcm

AQdcm,on + AQdcm,oH = _Ttsw- (6)

Itis important to note that the derivation process does not include
the impact of resonance between Cys5 and L1 _g,,, during the dead
time. When the energy stored in L1 4,,, by I is not sufficient to
discharge C,55, non-ZVS may occur on the TCM phase. More
importantly, if these resonance periods take a significant portion
of ¢4, the impact on the average current may become notable.
For the given condition in this letter, dead time is 200 ns and
the average ts,, within one line cycle is around 7us. Therefore,
the impact of the resonance period on iicy and igen, Was not
significant.

Variables Equation
. ]
Otem,off Otem,on
tow  tR(1— T2 b (1 - 522)
t §
R tem,off
QR 76tcm,off (1 - m)
2
_ tiem,on J tem,on Q
i =4 1- : v
tem, s 2t sw tem,on ( 5tcm,off ) + tsw
= tﬁcm on_§ 1 S dem,on
Edcm 2t ow 7dcm,on (7 - m
_ttem Uemss — Tgem /2
2 clamp —ems — %dem /2

IV. PROPOSED SINGLE-PHASE EQUIVALENT CIRCUIT
MODELING

The impact of three-phase coupling can be understood based
on Sections III-A and III-B. The DCM phase does not change
tsw, and g, can be calculated from the single-phase TCM
inverter with the filter inductance of 2L g,,,. With given tg,
the DCM phase turns ONfor Zq¢m,on to build a triangular current,
and, in terms of the average current, igcy, is split to the TCM
and clamped phase by a half.

According to these observations, the waveforms of an equiv-
alent single-phase TCM inverter with the same Jycm,on and
Otem,off are drawn in Fig. 5(a). The average current of 4 s
(Zcm,s) can be calculated as Table IV, where Qi refers to the
loss on the charge by the reverse current. The switching period
is written by a function of ¢z, ttem,ons Otem,on» a0 Ogem off, and
independent of the DCM phase. All 12 sectors in Fig. 3(b) can
be considered by reflecting the change into d¢em,ons Odem,ons
5tcm,0ffa and 5dcm,off

With given tg,, the waveforms of an equivalent singe-phase
DCM inverter with the same dgem,on and dgem o are drawn in
Fig. 5(b). The average current is the same as (5).

The average currents (idem, %tem, and iclamp) are a su-
perposition of the equivalent TCM and DCM inverters, as
shown in Table IV. Thanks to the simplicity of the ana-
lytic expressions, analytic solutions for the small-signal gain
(Aitem/ Attem,onys Didem/Atdem,on) can be derived in the fol-
lowing three steps: large signal model, perturbation, and lin-
earization. Large signal operating points and perturbations can
be written as follows:

tow = Tsw + Atsw

ttcm,on = thm,on + Attcm,on
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TABLE V
ANALYTIC SOLUTIONS FOR SMALL SIGNAL GAIN

Variables Equation
C = ]
Atsw /Attcm,on 1- 5::::';);
= T, TS
Addem /Atdcm.on d%:sn dcm,on(l - 5ddc::]oct: )
= T e 3
Aidem /Attem,on - @ (1- (;:::;: )
Tiem,on _ 6wm on Ttem,on _ Stemon \2
Aitem /Attemon Tsw 61?“’0“(] “gcm off) 2T‘ 6'“;""’"(] S tem,off )
_ Idem (] __ Otem.on )7 ( _ Otemon )
Tsw Stem,off S tem,off
Aiitem /Atgem,on _§F‘;ﬁﬁ
TABLE VI
4 4
ANALYTIC SOLUTIONS FOR T on> tem on GIVEN Ger G om

Variables Equation
2T gy = e QRr
t:‘cm on 5 1 5tcm,on (ltﬁ:m+ dCZ - Tsw )
tcm,on ( - m)
t* 2’1;5“, IS
dcm,on dem,on dem
d ) m.on 11— Lmon
dom,o ( 5dcm,of‘f )
TABLE VII
PARAMETERS FOR THE THREE-PHASE PV INVERTER IN TCM
[ Parameter Value Parameter Value i}
Vie 900 V' Vac 480 V
L1,am 7 pnH Coss 40 nF
fsw 140 kHz tr 0 us

tdcm,on = Tdcm,on + Atdcm,on
Ttem = Itcm + Athcm

(7

Small signal gains can be calculated by replacing (7) into
Table IV. Second-order terms (multiple of two perturbation
terms) are removed to linearize equations. The summary is
provided in Table V.

In practical implementation, Ty, varies slowly over the fun-
damental cycle and the processor can easily read back T, from
a complex programmable logic device (CPLD) in Fig. 1. When
the reference values for iqem and iye (labeled as i, and
) are given, the feedforward value for ticm on and tqem,on
(ttem,ons Ldem.on) €an be calculated, as given Table VI. More
details on the current controller implementation can be found
under [13].

idcm = Idcm + A’L‘dcm~

Ztcm

V. SIMULATION RESULT

SIMPLIS simulation has been designed to extract the small
signal gains. The schematic for SIMPLIS simulation is shown
in Fig. 6. The parameters for the simulation are summarized in
Table VII. When the three-phase TCM inverter operates between
0° and 30° with unity power factor, four small signal gains at
0°, 5°,10°, 15°, 20°, 25° and 30° are simulated. The results are
shown in Fig. 7.

To validate the model, the small-signal gains are calculated
based on analytic solutions in Table V, and their magnitude is
compared with the simulation result in Fig. 8. The model does
not predict the sub-harmonic oscillation near f,,; only low-
frequency gain <2 kHz for digital control has been compared,
and shown in Fig. 8. The proposed model can accurately predict
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Fig. 6. Schematic for SIMPLIS simulation.
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Fig. 8.  Variance of low-frequency (<2 kHz) gain number according to 6.

the small signal dynamics under three-phase coupling for this
modulation method.

VI. EXPERIMENTAL RESULT

A 30-kW three-phase NPC PV inverter has been built to
verify the modeling approach and is shown in Fig. 9. The
filter parameters are the same as Table VII, but the testing has
been performed at 400 V5. with 240 V,.. Due to delays in
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Fig. 9. (a) Prototype a 30-kW three-phase PV inverter operating in mixed
conduction mode for ZVS operation. (b) Test setup.
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Fig. 10.  Three-phase current waveform when grid angle is 15°: ttcm,on =
4.0 ps, and tqem,on Of () 0.0 s, (b) 0.3 us, and (c) 0.7 ps.

the zero-current detection circuit, fiber optics, and gate driver,
tr is 575 ns. When tiom on is fixed to 4.0 us, three different
tdem,on are tested. As predicted by the model, g, remained as
7.2 ps irrespective of tgem on as Fig. 10. Based on Table VI, the
feedforward for tycm,on and t4em,on 18 used for CPLD in Fig. 1.
The low-order harmonics meet IEEE 1547-2018 without any
closed-loop compensator as shown in Fig. 11. At 60% load, total
rated current distortion is 3.9%, and total harmonic distortion is
6.9%.

VII. CONCLUSION

This letter proposes single-phase equivalent circuits for the
three-phase TCM inverter utilizing three different conduction
modes for ZVS operation. Such an approach highly simplifies
the modeling and analysis of the modulation. Also, given the
current reference, analytic solutions can be derived without com-
putational burden for small-signal gains or required ON-times
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Time-domain waveform of inverter side current

Harmonic spectrum of inverter side current

1EEE 1547-2018

hxl“ll Juth ity =

in
0
0 0.005 001 0015 0.02 0.025 003 0 1000 2000 3000 40
Time [s] [Hz]

(a) (b)

CurrentfA]

Fig. 11.  (a) Inverter-side current with feed-forward terms on t¢cm,on, and
tdem,on» Which is calculated from the model. The operating point is at 400 Vg,
8 Arms. Low-pass filtered values are based on offline postprocess with 5 kHz
cutoff frequency. (b) Harmonic spectrum of inverter current.

for the TCM and DCM phases. The validity of the proposed
modeling approach has been verified with SIMPLIS simulation
and experimental results. The presented modeling approach
can be applied to the other switching sequences in [10], [11],
and [12]. The proposed modeling can help engineers interpret
the three-phase coupling and extend the control techniques for
a single-phase TCM inverter toward WBG-based three-phase
ZVS inverters.
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