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A High-Efficiency TPCM/DCM Mixed Conduction

Mode for Five-

Baojian Ji'¥, Chao Li

Abstract—Discontinuous conduction mode (DCM) leverages its
Z.CS characteristics to significantly improve inverter efficiency.
However, its inherent drawback of higher peak-to-average ratio
(PAR) in inverter-side inductor current leads to increased current
stress and device losses, thereby limiting practical applications.
To address this issue, this article takes the T-type hybrid bridge
five-level topology as an example and proposes a fixed-frequency
mixed conduction mode modulation strategy for five-level invert-
ers. By introducing a half-level implementation to achieve trape-
zoidal conduction mode, the inductor current is divided into three
stages within one switching period, effectively reducing PAR and
minimizing losses. When the instantaneous power is insufficient
to maintain trapezoidal conduction mode, the inverter operates in
five-level DCM, where the introduced half-level not only reduces
PAR, but also improves duty cycle utilization in DCM. This arti-
cle systematically analyzes the operational characteristics of the
inverter under the proposed hybrid conduction mode modulation
strategy. Mathematical derivations are provided for switch duty
cycle calculations in each operating mode, along with a unified de-
cision logic for mode selection based on real-time circuit conditions,
enabling seamless mode transitions. Furthermore, an inductance
selection methodology is developed to minimize both losses and
current stress in the inverter-side inductor. A 500 W experimental
prototype was constructed to validate the theoretical analysis, and
the efficiency was significantly improve.

Index Terms—Discontinuous conduction mode (DCM), five-
level inverter, trapezium conduction mode (TPCM), zero current
switching (ZCS), zero voltage switching (ZVS).

1. INTRODUCTION

HOTOVOLTAIC (PV) generation being a crucial manifes-
P tation and the most rapidly growing sector of renewable
energy, has been vigorously advanced across nations [1], [2], [3].
As the mainstream power rating of PV modules increases from
300—400 W to 500-600 W, microinverters must correspondingly
boost their single-channel power capacity. The industry has en-
hanced microinverters’ competitiveness against string inverters
by increasing individual unit power and power density, while
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spreading system costs like components and installation. “4 in
1”and “2in 17 configurations have become mainstream products
[4]. As power levels rise, improving thermal performance while
controlling cooling costs becomes critical. The most compelling
approach is to reduce losses. As such, alongside essential re-
quirements for reliability, compactness, and cost-effectiveness,
efficiency constitutes a critical performance indicator [5], [6],
[7]. Inverters operating in continuous conduction mode (CCM)
can reduce switching losses by incorporating soft-switching
auxiliary circuits [8], [9], [10], [11], [12] and further enhance
power density by increasing switching frequency. However,
complex soft-switching circuits and control methods compro-
mise reliability. Consequently, mainstream CCM inverter prod-
ucts typically employ hard switching. In comparison, boundary
conduction mode (BCM) [13], [14], [15], [16] and DCM [21]
inverters employ smaller inductance values and achieve zero cur-
rent switching (ZCS) without auxiliary circuits. However, their
inverter-side inductor currents demonstrate larger PAR, resulting
in increased conduction losses. Such operation sacrifices partial
conduction loss to obtain ZCS, suitable for low-to-medium
power applications. As power levels increase, the overall losses
of the switch gradually exceed those of CCM.

The BCM can achieve zero voltage switching (ZVS) or valley
switch through resonance. Zhang et al. [17], Amirahmadi et al.
[18], and Biela et al. [19] modifying the reset value of BCM
to a minor negative value enables bidirectional inductor current
flow within each switching cycle to ensure the realization of
ZVS, this control method is also known as the triangular con-
duction mode (TCM). Compared with DCM, BCM achieves a
lower current PAR. However, its switching frequency cannot
maintain fixed values during line frequency periods, resulting
in implementation challenges for digital control systems and
stringent requirements for current-sensing circuitry. Zhang et al.
[20] employed a T-type hybrid bridge five-level topology to
realize five-level BCM, which narrowed the switching frequency
variation range but failed to achieve fixed-frequency operation.
DCM maintains fixed switching frequency and no special current
sampling circuit is required, thereby facilitating digital control
implementation. But the PAR of inductor current is higher. To
address this problem, DCM operating with fixed off-time control
[21] or off-time discrete control [32] can effectively reducing the
PAR however at the expense of sacrificing the fixed switching
frequency feature.

Zhang et al. [25] proposed the trapezium conduction mode
(TPCM), which can be understood as a special BCM. By in-
tegrating unipolar modulation and bipolar modulation within a
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Fig. 1. Schematic of HP-TPCM operation. (a) Unipolar-bipolar modulation;
(b) Bipolar-unipolar modulation.

single switching cycle, this method divides the inductor current
falling edge into two segments, as shown in Fig. 1. Unipolar
modulation makes the inductor current fall with a smaller slope,
and bipolar modulation obtains a fall with a larger slope, adjust-
ing the proportional duration of these two polarities generates an
equivalent intermediate voltage level, enabling fixed-frequency
operation at any value between unipolar BCM and bipolar
BCM frequencies. This achieves fixed-frequency BCM within a
certain range but with lower dc-bus voltage utilization. For ease
of differentiation, it is referred to here as hybrid polarity TPCM
(HP-TPCM). Zhang et al. [26] compared HP-TPCM with DCM
and demonstrated its superiority. Zhang et al. [27] applied TPCM
to five-level topologies, but did not implement fixed-frequency
control.

The mixed conduction mode (MCM) can integrate the advan-
tages of multiple modes while mutually compensating for their
limitations. In [29], CCM and segmented fixed-frequency DCM
are combined for application in power factor (PF) correction
rectifiers. In [22], CCM and DCM are combined during the
inverter’s line-frequency cycle to reduce the filter inductance
without worsening the grid current THD, where the inverter op-
erates in CCM when instantaneous power exceeds the threshold
and in DCM when it falls below. Christidis et al. [23] and Lodh
et al. [24] adopted a similar approach by integrating DCM with
BCM in flyback inverters, though limited to low-power appli-
cations. Son et al. [30] employs a MCM of BCM/ TCM/DCM,
where TCM operates near the output voltage zero-crossing to
reduce leakage current, while DCM serves as the transition
between BCM and TCM to improve light-load efficiency. In
[31], a T-type five-level topology is employed to implement
a MCM combining BCM/TPCM/CCM, with transition modes
specifically designed but requiring complex control logic, where
the BCM/TPCM switching frequency are determined by ZVS
required reverse current with fixed dead-time, and the CCM
frequency is obtained through a fitting function. Yin et al. [15]
and Huang et al. [32] adopted HP-TPCM/BCM hybrid conduc-
tion mode, in [15], HP-TPCM operates near the output voltage
zero-crossing to mitigate BCM’s zero-crossing distortion while
simultaneously enabling reactive power generation, In [32],
HP-TPCM operates when v, <Vq./2 to achieve full-range ZVS,
but with high current PAR remaining. Zhao et al. [28] combines
HP-TPCM with DCM within the line frequency period to realize
MCM that operates at fixed-frequency while reducing the PAR.
The operating range of the TPCM is shown in Fig. 2 (V4. =
200V,V, =110V, L; =101 pH, P, = 500 W), which shows
that it has a narrower operating range, and if its fixed-frequency
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Fig. 3. Relationship between DC voltage utilization and both fixed-frequency
operating range and inverter-side inductance.

operating range is expanded it is necessary to reduce the dc-
voltage utilization. For the sake of distinction, this mode is
referred to as HP-MCM.

In summary, both DCM and BCM suffer from power limi-
tations due to their nonnegligible conduction losses. While in-
troducing CCM via MCM can mitigate this limitation, the pres-
ence of inductance prevents fixed-frequency operation, makes
identical duty cycle calculation logic inapplicable, and requires
designed transition modes. HP-TPCM can likewise mitigate
conduction loss limitations, but exhibits strong mutual exclusion
(see Fig. 3) between its fixed-frequency operating range and
dc voltage utilization, resulting in limited optimization under
commonly adopted voltage utilization ratios. Therefore, retain-
ing natural soft-switching capability while reducing conduction
losses persists as the key research challenge.

In this article, half level is introduced using the five-level in-
verter topology, combining five-level BCM [20] and three-level
unipolar modulated BCM within a single switching cycle to
realize five-level TPCM (FL-TPCM), enabling the coexistence
of high voltage utilization (>1/1/3) and a wide fixed-frequency
operating range (66.67%),while the remaining portions utilize
five-level DCM as supplementation, where bipolar five-level
DCM provides reactive power support. By substantially reduc-
ing the PAR of inductor current, achieving soft-switching with
less conduction loss sacrificed, effectively alleviating power
limitations.

In Section II, the operating characteristics and principles of the
proposed modulation strategy are introduced, and a unified judg-
ment logic is constructed to select the operating modes according
to the operating state of the circuit, and the duty cycle calculation
method for each operating mode is derived to realize the ZVS or
valley switching by fixing the dead time reserved for resonance.
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In Section III, loss analysis and comparison with conventional
DCM and HP-MCM are carried out to propose a method of
calculating the inductor inductance value of the inverter-side
that minimizes the loss and at the same time minimizes the
current stress, and finally, a 500 W experimental prototype is
constructed for validation, and the experimental results prove
the superiority of the control method proposed in this article.

II. CHARACTERISTICS OF THE PROPOSED MODULATION
STRATEGY

The T-type hybrid bridge five-level inverter topology is shown
in Fig. 4, in which the T-type three-level bridge arm operates at
high frequency for modulating sinusoidal waveforms, and it can
output three levels: V4.; Vqc/2; and 0; and the two-level bridge
arm changes the power supply polarity. The two bridge arms
work together to output five levels, respectively, Vqc, V4c/2, 0,
—Vac/2, —Vqe.

The five-level BCM and the three-level unipolar modulation
BCM are combined within a single switching cycle to achieve
FL-TPCM, which can significantly expand the operating range
of the fixed-frequency of the TPCM with guaranteed voltage
utilization, as shown in Fig. 5 (V4. =200V, V, =110V, L,
= 77 pH, and P, = 500 W). Depending on the relationship
between the output voltage and the half-level, it is decided that
the half-level acts on the rising or falling edge, as shown in
Fig. 6. When the instantaneous power cannot be maintained
by FL-TPCM the five-level DCM is used as a supplement
to fix the switching frequency, which is the FL-TPCM/DCM
MCM modulation strategy. This significantly reduces PAR of the
inductor current while decreasing conduction losses and current
stress.

The following detailed analysis of its operating character-
istics, Due to its symmetrical operation, the output voltage is

8287

Vae Ve
VaB Vael2 VaB Vdc/ 2
/ 1 i
i iry \
lo y 2] /3 h [ &) {3=
dTs — &Ts  diTs dTs — doTs  dTs
(a) (b)
Fig. 6. Schematic of FL-TPCM operation. (a) vo < Vg./2. (b) vg > V. /2.
A
Dri o3 Dri g4
A t
Dri g Dri s R
Vch Tt
Vs o4
Vie /2]
Vas 03 R
4 1
Ve 12
. Vas o5 Vas 06
vt ¢
V4B /_
Vael2
A >
Iy !
Iy Ilbz
i
) L Ll 0 t
leS dzTS d;TS kTS
Fig. 7. Key waveforms of the inverter operating in FL-TPCM.

analyzed as an example of positive half-cycle. Since the switch-
ing frequency is much higher than the line frequency, the output
voltage can be considered constant within a single switching
cycle.

A. Five-Level TPCM

Fig. 7 shows the waveforms of the on-time sequence of the
switch, the drain-source voltage, the output level of the inverter
bridge arm, and the inductor current at the inverter-side when
the inverter operates in FL-TPCM. The switch Q1, Q4 remains
in the turn-OFF, the switch Q> remains in the turn-ON, and the
switch Qs, Os, and Qg operate at high frequency to modulate
the waveforms.

Interval 1 [ty-t1]: Q3 turns ON at fy under the ZCS, Qs turns
ON but the body diode of Qg is reverse cutoff, the output level of
the inverter bridge arm is Vy., i1 rises linearly from zero with
a large slope s1(n), and rises to the peak Iy at t;

Vae — vo (1)
Ly '
Interval 2 [t1-t2]: Qs turns OFF at tq, iz, charges and dis-
charges the junction capacitor of Q3~Qg, an extremely brief

interval that can be viewed as i 1 being constant, V4, 3 charges
from zero to Vgc/2 and Vgs g4 discharges from Vg to Vg/2 at

ey

s1(n) =

1o.
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Fig. 8. Calculation of FL-TPCM unit switching cycle. (a) vg < Vg./2.

(b) vy > VdC/Q.

Interval 3 [t2-t3]: The body diode of Q¢ loses cutoff voltage,
Qs turns ON at 5 under the ZVS, the output level of the inverter
bridge arm is Vq./2. The slope of i;; can be expressed by
(2), when v,(n)<V4./2, i11 continues to increase linearly with
a smaller slope; when v,(n)>Vy./2, so(n) is negative and i1,q
decreases linearly with a smaller slope; when v, (n) = V4./2, the
slope of iz is zero

sxmzﬁi%ﬂﬂi @)
1

After a dead time, Qg turns ON under the ZVS and the iy,
state is unchanged. One dead time before 73, Qg turns OFF under
the ZVS, iz, through the body diode of Qg renewed current. i,
changes to I3 at t3, the amount of change in this interval is /52.

Interval 4 [t3-14]: Q5 turns OFF at f3, i1 charges and dis-
charges the junction capacitor of Q3~Qg, V4, @3 charges from
Vac/2 to Vg and Vg, g4 discharges from Vq./2 to zero at t4.

Interval 5 [t4-t5]: i11 is renewed by the body diode of Q4, and
the output level of the inverter bridge arm is 0. iy, decreases
linearly with a large slope s3(n) from the peak ;3 and decreases
to 0 at 15

—v, (n)
Ly

s3(n) = 3)

Interval 6 [t5-tg]: Dead time, the T-type bridge arm of the
switch all OFF, junction capacitor of Q3~Qg and inverter-side
inductor L; resonance occurs, the use of resonance to achieve
ZVS or valley switch, resonance process in the specific analysis
of the latter.

After that this switching cycle ends and the next cycle starts.

The FL-TPCM significantly extends the fixed-frequency op-
erating range over the HP-TPCM, but still does not cover the
entire line frequency cycle, and the remaining range is supple-
mented by a five-level DCM. The FL-TPCM is referred to as
operating mode 1. Since the circuit resonates during current
interruptions, the output voltage of the inverter bridge arm
fluctuates sinusoidally with a center value of v,(n), and the
average voltage during a switching cycle is clamped to v,(n),
average current control is used. Controls the current command
value /.o, (n) to a sinusoidal reference value.

The calculation of iy; in unit switching period is schemati-
cally shown in Fig. 8. Its average current i, 4(n) is

_S1+ S+ 535+ 8,
- T

“

lavg (n) = Ieom (1)
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where T is the switching period and S;~S, are the areas of
triangles or rectangles in Fig. 8 which can be expressed as

51 = yIndT, 5)
52 = 5 lndaT, ©)
S = Ip1doTy (N
Sy = %IbSdBTS' (®)
The expressions for /1 ~13 are as follows:
Iy1 = 51 (n)dy (n) Ts )
Iy = s2(n)da (n) T (10
Ips = s3(n)ds (n)Ts (11)
Iy = Iyo + I3 (12)

where d ~ds are the duty cycles of different levels of the inverter
bridge arm outputs and k denotes the relationship between dead
time and switching period

(di +do+d3)Ts = (1 - k) Ts. (13)

By calculating S1~S4 by substituting into (4) in parallel with
(9)-(13), the duty cycle calculation formula for each interval
can be derived as shown in (14)—(16) shown at the bottom of the
next page.

B. Five-Level DCM

Operating Mode 2: When v, and i, are in the same direction
and v,(n)<Vy./2, the inverter operates in mode 2 if the instan-
taneous power is small enough not to maintain FL-TPCM, the
output level of the inverter bridge arm is V4./2 at the rising edge,
and O at the falling edge, as shown in Fig. 9, after iz, falls to
0, L and the junction capacitance of Q3~Qg enter the resonant
state. The duty cycle derivation process is similar to that of the
FL-TPCM and is calculated as

— 2ian (TL) Llfsvo (n)

dy = \/(Vdc/Q 0y () Vae/2 17)
_ 2iaV (’Il) Llfs (‘/(10/2_’1}0 (n))

ds = \/ g PRt . (18)

Operating Mode 3: When v, and i, are in the same direction
and v,(n)>V4./2, the inverter operates in mode 3 if the instanta-
neous power is small enough not to maintain FL-TPCM, switch
(0, remains in the turn-OFF while switch Qs maintains turn-ON,
the output level of the inverter bridge arm is V. at the rising
edge, and V4./2 at the falling edge, as shown in Fig. 10, after
ir1 falls to 0, Ly and the junction capacitance of Q3~Qg enter
the resonant state. The duty cycle is calculated as

dl _ \/2iavg (n) Llfs (V;ic — Vo (n>)
(Vo () — Viae /2) Viae /2

19)



JI et al.: HIGH-EFFICIENCY TPCM/DCM MIXED CONDUCTION MODE FOR FIVE-LEVEL INVERTER

Va2t

4 >t

1 1 2 [ t
d,)Ts diT

tdead

Fig. 9. Schematic of inductor current and inverter bridge arm output voltage
in mode 2.

Vie
Va2

1y

ty 1 2 ot
diTs d,Ts

tdead

Fig. 10.  Schematic of inductor current and inverter bridge arm output voltage
in Mode 3.

(Vae — v (m)) Ve 2 20

Operating Mode 4: When the inverter operates on a nonpure
resistive load, near the point where the v, crosses zero, v, and
i, are in opposite directions and the inverter operates in mode
4. The T-type bridge arm outputs half-level voltage, while the
two-level bridge arm generates negative polarity during falling
edges and positive polarity during rising edges, as shown in
Fig. 10, after iy rises to 0, Ly and the junction capacitance of
01~Qg enter the resonant state. The duty cycle is calculated as

0 Wﬁvg (1) L1 s (v0 (n) — Vae/2)
2 — .

[ =2davg (n) L fs (Vae/2 — vo (1))

" \/ (Vae/2 + 0o (0)) Ve @
[ =2hayg (n) L fs (Vae/2 + vo (1))

s

Near another zero-crossing point with the same output voltage
polarity, mode 1 or mode 2 may fail to deliver sufficient power
due to the limitation of falling edge slope, and the inverter
operates in mode 4 as shown in Fig. 11(b), with the duty cycle
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Fig. 11.  Schematic of inductor current and inverter bridge arm output voltage
in Mode 4. (a) Mode 4. (b) Mode4*.

is calculated as (23), (24). The operating principle of mode 4x
is completely consistent with that of Mode 4 with negative half
cycle output voltage, which will be collectively referred to as
mode 4 in the following text

_ | 2dayg (n) L1 fs (Vac/2 + vo (n))

dl_\/ (Vae/2 = vo (0)) Ve @3)
(2l (1) Lifs (Vae/2 — 00 ()

o PR s

The above mode 4 can provide reactive power output with a
minimum PF of 0.766. If an even lower PF is required, simply
upgrade the half level to the full level to achieve reactive power
output of any PF value.

C. Modulation Strategy

As mentioned above FL-TPCM is a special BCM that can
adjust the area of rectangle ABCD, which is the average current
output from the inverter bridge arm per unit switching cycle, by
adjusting the duty cycle ds, thus changing the instantaneous out-
put power. As shown in Fig. 8, increasing do decreases inyg(1);
decreasing d increases i,.g(n). The rectangle ABCD changes
to the triangle AED when d; is increased to the limit, which is
the minimum average current threshold that the FL-TPCM can

0 (1) (1= k) = /(1= })? (Vae — v (1)) 0 () — iy (m) L fuVie

h= Ve (14)
W 2,/(1 = 1) (Vie — v, (n)&dvo (1) — Ziwrg (1) L1 fuVic ,
dy = (Vae = vo (n)) (1 = k) — \/(1 — k)* (Vae = o (1)) Vo (1) — 2davg (n) LofVae "

Vae
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output per unit switching cycle. When v,(n)<Vy./2
di =0
dz3=1—k—ds

(25)
(26)

the expression for the minimum average current threshold 1
I1nin1 1s obtained by derivation as

(1= k)* (Vae/2 = vo (n) vo (n)

it = Lif Ve @n
When v,(n)>Vy./2
ds =0 (28)
di=1—-Fk—dy (29)
the minimum average current threshold 2 I,,i,,2 18
o, - 0= k) (Vae = 0 (1) (v (1) — Vae/2) 30)

Llfs‘/;ic

The rectangle ABCD changes to the triangle AFD when ds is
decreased to the limit, which is the maximum average current
threshold that the FL-TPCM can output per unit switching cycle

dy =0 31)
(1= k) (Ve — v, (n)) v, (1)
Tnax = 2L1fs‘/dc . (33)

The schematic of the current threshold and current command
values I.om(n) of the FL-TPCM over a half-line cycle under
the rated load of the inverter is shown in Fig. 12. However, the
inverter does not always operate under a purely resistive load.
Fig. 13 shows the schematic for a typical operating condition
with output current exceeding 7/15 under 3/4 rated load. The
current threshold varies with v,. In order to maintain fixed
switching frequency, the FL-TPCM cannot operate in the full
operating range, and the five-level DCM is used as a supplement.

The mode judgment logic is shown in Fig. 14, still taking the
positive half cycle of output voltage as an example. First, judge
the polarity of the current command value /.oy, (1), when .o, (1)
is negative, the inverter operates in mode 4; when /.o, (1) is pos-
itive, determine whether v,(n)<Vg4./2. When v,(n)<Vq4./2, then
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FL-TPCM when output current exceeds 7r/15 under 3/4 rated load.
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Fig. 15.  Control block diagram of the proposed inverter.

compare .o (n) with Iy .y, and if I.om(n)>1.x, the inverter
operates in mode 4. After that, compare I oy, (1n) With Iji,1, if
Ieom(n)<Imin1 select mode 2, otherwise select mode 1. When
Vo(n)>vdc/2’ compare Icom(n) with ]min2» if Icom(n)<1min2
select mode 3, otherwise select mode 1.

Fig. 15 shows the control block diagram of the proposed
inverter. According to the proposed modulation strategy, mode
3 may be entered when the inverter is lightly loaded or when
the load is not purely resistive, and mode 4 only occurs when
the load is not purely resistive. The judgment logic for mode
selection is unified and fully considers the unexpected situation,
and the different modes can be switched smoothly. In addition,
Fig. 16 shows the control block diagram of the inverter in grid
connected mode.
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Fig. 18.  Inverter-side inductor current PAR comparison.

The inverter-side inductor current envelope comparison of the
proposed FL-TPCM/DCM modulation strategy with HP-MCM
and conventional DCM is shown in Fig. 17. The inductor current
PAR comparison is shown in Fig. 18. The duty cycle utiliza-
tion comparison is shown in Fig. 19. The instantaneous power
maximum point of HP-MCM operates in HP-TPCM, therefore
the inverter-side inductance is taken to be slightly larger than
that of the conventional DCM, so the inverter-side inductance
current amplitude is reduced in the whole operating range, the
PAR is optimized, and the duty cycle utilization is improved.
However, due to the narrower operating range of HP-TPCM, the
PAR is optimized less. FL-TPCM/DCM significantly expands
the fixed-frequency operating range of TPCM while ensuring
the voltage utilization, further reduces the inverter-side inductor
current amplitude, optimizes the PAR, and improves the duty
cycle utilization, which helps to reduce the current stress as
well as the device loss, improves the efficiency. Moreover, the
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Fig. 20.  Schematic of resonant types. (a) vo < Vg./2. (b) vo > V. /2.

inverter-side inductance of the FL-TPCM/DCM takes a smaller
value, which is favorable to the power density.

D. ZVS Analysis

During dead-time in FL-TPCM or current discontinuity pe-
riods in DCM, the junction capacitance of Qs3~Qg and the
inverter-side inductor L; enter into resonant state. The resonance
action can be divided into two types as shown in Fig. 20(b). The
period of the first type of resonance is 7 and the period of the

second type is Ts. tqeaq can be expressed as
tgead = 11 + nTs. (34)

In the first resonant cycle, V4, 3 resonates to zero or valley
voltage, and the expressions of Vg, 3 and ir; are as

vas Q3 (t) = Ve + vo (n) (cos (wy (t —t5)) — 1) (35)
_ —/5/2v, (n) sin (wy (t — t5))
= 36
L1 (t) m ( )
where
wp =1 /V/BLiCo 2 (37)

where C,g is the equivalent output junction capacitance of
the mosfet, assuming that the parasitic parameters of different
switch are the same. the valley voltage of V45 3 can be obtained
by substituting cos(w,(#-15)) = -1 into (33), as shown in (38):

Vds_Q3_min — V;ic - 2U0 (n) . (38)
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Thus, ZVS can be realized when v, (n)>V4./2, and only valley
switch can be realized when v, (1)< Vq./2. t,. is the time required
for V45 @3 to discharge from Vg, to 0, which can be obtained
by solving for v, 3(t) =0

1 <vo (n) — VZ,C)
— arccos | ———=] .
Wy Vo (1)

The negative voltage will be cut off by the body diode after
Vis_q3 drops to 0, and the inverter bridge arm output level is
clamped at V4. because the inductor current iy, flowing in
the reverse direction is still present, and the amplitude of iy
decreases with a fixed slope from #g to #7, which can be expressed
as

tre = (39)

111 (t) = %_Li,ll}o(n) (t - tﬁ) - \/5.?/?1/}706@ sin (wrtre)

(40)
tsc is the duration of body diode freewheeling and Vg5 g3 is

maintained at 0
- Ly v/5/2v, (n)
s ‘/dC — Vo (’I’L) vV Ll/coss

When i, returns to 0, the body diode loses its clamping ability
and the circuit enters the second type of resonance, Vgs g3
resonates from 0, and the resonance period and V45 g3 can be
expressed as (42), (43). It is important to note here that Vg, o3
does not resonate to 0 when v, (1n)<Vq./2, so it is always the first
type of resonance, as shown in Fig. 20(a)

sin (wytre) - 41)

=2 “2)
vas @3 (1) = (Vae — vo (n)) (1 — cos (w, (t — 7)) . (43)

Based on the above analysis, the dead time is left to resonate
Vs g3 to 0 after iz, drops to 0, and the ZVS of Q3 can be
realized by starting the next cycle during the duration when
Vis_g3 is maintained at 0. The lower limit of the dead time
iS fdeadmin = fres and the upper limit of the dead time is
fdeadmax = tet tfe, the range of the values in half line cycle
is shown in Fig. 21.

From Fig. 21, it can be seen that the ZVS can be realized
in the vast majority of the time in the operating range of the
FL-TPCM under rated load, and the value range of fixed dead
time has some space, which is generally chosen to be half of
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the resonance period in order to maximize the range of the ZVS
as shown in (44). However, it needs to be fine-tuned according
to the experimental phenomena due to the differences in the
parasitic parameters of the switch

tdead = T/ 5Llcoss/2-

III. DISCUSSION OF INVERTER-SIDE INDUCTOR PARAMETER
DESIGN AND LOSS ANALYSIS

(44)

A. Loss Analysis

The loss of the inverter mainly includes the switching loss
and conduction loss of the switch, and the conduction loss and
reverse recovery loss of the body diode, as well as the iron loss
in the core and copper loss in the winding of the filter inductor.

Switch Q1 Q- of the low frequency bridge arm operate in the
line frequency state, only conduction losses are considered. Due
to the special modulation method, the high-frequency T-type
bridge arm can realize ZCS, by reserving a fixed dead time for
resonance, FL-TPCM can realize ZVS or valley switch, so the
T-type bridge arm only considers the turn-OFF loss P g, for
level switching during the switching cycle and the conduction
1oss P gcon.

The conduction loss P ..y, is calculated as

fs/f

Pocon = f Z/

where i4(n)(¢) is the drain current, R s(on) is the drain-source
ON-state resistance, f is the line frequency, f; is the switching
frequency and T’ is the switching period.

Note here that when the T-type bridge arm outputs half-level,
the current flows through two switches, and R4, (on) should be
doubled; when outputs zero level, the current flows through the
body diode of the freewheeling switch.

The switching loss P g, is calculated as

Rds(on) dt (45)

fs/f

PQSW_fZ

Conventional DCM level-switches once in one switching
cycle, and TPCM level-switches twice in one operating cycle,
but the amount of change in the drain-source voltage of the
switch before and after level-switching of HP-TPCM and DCM
is Vg, while FL-TPCM is V4./2, and the current amplitude has
been reduced, therefore, although the number of level-switches
of the FL-TPCM increased compared with that of the DCM, the
switching loss experiences a slight reduction.

The conduction loss of the body diode can be obtained by
integrating the voltage drop and drain current

{ Vacip (1) (tagom +t5) |- (46)

Is/f

HmﬁfZ/‘WM ). @
n=1
The reverse recovery loss of the body diode is
1
Ppgw = §VFIrptffs = VFQr'rfs~ (48)
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Iron loss is calculated using the formulas provided in the
datasheet by magnetics. The iron loss Py, and copper loss P,
are respectively,

Pfe — 44.3Bm1.988fsl.541‘/e (49)
fs/f 1/f
Pa=fy / () Rpadi + f / O Rpadt.
(50)

Fig. 22 shows the comparison of loss distribution. It can
be seen that because HP-MCM operates near the highest in-
stantaneous power point in HP-TPCM, the current PAR of the
inductor is reduced. This results in a slightly larger inductor
value on the inverter side compared to conventional DCM.
Therefore, the peak current is reduced across the entire operating
range, especially in the HP-TPCM operating range. However,
since HP-MCM has a narrow operating range and operates
in conventional DCM modulation for the rest of the time, the
loss in each part of the HP-MCM are slightly lower than those
in conventional three-level DCM, though the improvement is
limited. The FL-TPCM/DCM significantly expands the TPCM
operating range by introducing half-levels, with improved duty
cycle utilization, and with the output half-level current flows
through two switches, resulting in a slight increase in switch
conduction loss, this also leads to both reduced body diode
freewheeling duration and current amplitude during zero-level
output, resulting in significantly decreased body diode conduc-
tion losses. Although the number of FL-TPCM level switches
increases, the change in V4, before and after the switching
operation is one half and the current amplitude decreases, so the
switching loss of the switch is reduced. Thanks to the reduction
in PAR and the reduction in inductance value, the inductance
loss is reduced accordingly. The overall efficiency has improved
significantly.

B. Inverter-Side Inductor Parameters Design

The selection of the inverter-side inductance value directly
affects the feasibility of the operational modes analyzed in the
previous sections. The waveforms of the maximum average
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current threshold /,,,,x and minimum average current threshold
Inint, Imin2 of the FL-TPCM and the current command value
I.om(n) at rated power are shown in Fig. 12. .o, (72) must be less
than I,,,,« or the inverter will enter CCM

Icom (n) < Imax-

The highest instantaneous power point bridge arm needs to
output the most energy, if the equal sign holds at this point
the fixed-frequency operating range of the FL-TPCM can be
maximized

(SD

(1 — k)g (V;ic -
2L1fs‘/dc

Vo) Vo

%\/ﬁ sin (wt + ¢) < (52)
where v, =v/2 V, sin(wr), ¢ is the phase difference between the
output voltage and current.

The left side of the inequality obtains a maximum at (wt+¢)
= 7/2 and the right side obtains a regional minimum at
wt = n/2. Let wt = 7/2, ¢ = 0 to obtain:

Ly < 85.626 pH. (53)

When I.o,(n) is less than I,,;,0, the inverter needs to be
switched to a five-level DCM in order to operate at a fixed-
frequency. To minimize the switching of operating modes, the
DCM is made to appear only near the output voltage crossing
point as much as possible at rated load as

Teom (n) > Imin2. (54)

Let ¢ = 0 and derive both sides of (55) shown at the bottom
of the next page; the equality sign holds when the derivatives
are equal

. 3\/5‘/21(:‘/0 \/§P0L1fsvgk: 2
wt = arcsin — 5 4vy .
2 Vo(l —k)
(56)

Substituting (56) into (55) with constant iteration yields wt =
0.36319 7

Ly > 66.122 uH. (57)

To summarize, the value range of the inverter-side inductance
Ll is

66.122 pH < Ly < 85.626 pH. (58)

The relationship between the inverter-side inductance value
and the fixed-frequency operating range of the FL-TPCM at
rated load is shown in Fig. 23. Also, the inductance value
affects the duty cycle of the different levels, leading to changes
in the current envelope as well as the losses of the various
parts. The peak current envelope is approximately linear in
the line frequency period, and the relationship between them
is obtained by choosing wt = m/2 as the reference point
as (59) shown at the bottom of the next page. The rela-
tionship between the inverter-side inductance and the maxi-
mum current stress and overall loss at rated load is shown in
Fig. 24.
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current stress and overall loss at rated load.

In order to minimize the losses as much as possible and at the
same time minimize the current stress, the value of inverter-side
inductance is selected as

Ly =77 uH. (60)

IV. EXPERIMENTAL RESULTS

An experimental prototype of a T-type hybrid-bridge five-
level inverter, digitally controlled by a DSP TMS320F28335
with a rated power of 500 W, has been constructed as shown
in Fig. 25. Use GC3M0065090D for the switch. To verify the
superiority of the proposed FL-TPCM/DCM, as well as to make
the comparison more reasonable, and HP-MCM, conventional
DCM are run on the same prototype, all the parameter settings
are identical, the only distinction is the inverter-side inductance
value, as for HP-MCM, it aims to maximize the operating range
of HP-TPCM, while for DCM, it is to prevent entering CCM at
the maximum power point, thus attaining optimal performance.
HP-MCM and DCM are realized by disabling switches Qs
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Fig. 25. T-type hybrid-bridge five-level inverter prototype.
TABLE I
MAIN PARAMETERS OF THE PROTOTYPE
Item Symbol Value

Input voltage Ve 200 VDC

Output voltage v, 110 VAC
Rated power P, 500 W
FL-TPCM/DCM Inverter-side inductor Ly 77 pH
HP-MCM Inverter-side inductor Ly 101 pH
DCM Inverter-side inductor Ly 89 uH
Filter capacitor C 3.2 uF
Output-side inductor L, 410 uH
Switching frequency I 30 kHz
MOSFET output capacitor Cls 300 pF

and Qg. The main parameters of the prototype are given in
Table I.

The proposed FL-TPCM/DCM output voltage v, and current
i, waveforms under rated load are shown in Fig. 26. The inverter-
side inductor current i;; waveforms and inverter bridge arm
output voltage v 4 p waveforms are shown in Fig. 27, it can be
seen that the fixed-frequency operating range of the FL-TPCM
is greatly expanded compared with that of the HP-TPCM. The
details of mode 2 switching to mode 1 are shown in Fig. 29(a),
details of the typical operating point v, = Vq./2 = 100 V are
shown in Fig. 29(b), details of the typical operating point v,
=v/2 V, = 155.6 V are shown in Fig. 29(c).

Fig. 28 shows the inverter-side inductor current i1 and the
inverter bridge arm output voltage v 4p waveforms when the
output current exceeds 7/15 under 3/4 rated load for a typical
condition that can demonstrate the four modes at the same
time. The details of mode 1 switching to mode 3 are shown

Py /5. (Vae — 0o (w)) (v, (wt) — Vae/2) (1 = k)°
A 2sin (wt + ¢) > AR . (55)
o e (1—k) — /(1= k)2 (Vae — v,) v — 2 (V2P,/V,) Ly fsVae
s (1= Vim0 V@ =0 Ve = v0) v — 2 (VEPo Va) L f o .

L,

Vae
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Output voltage and current waveforms of FL-TPCM/DCM under
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Fig. 27.  Inverter-side inductor current and inverter bridge arm output voltage
waveforms of FL-TPCM/DCM under rated load.
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Fig. 28. Inverter-side inductor current and inverter bridge arm output voltage
waveforms of FL-TPCM/DCM when output current exceeds 7/15 under 3/4
rated load.

in Fig. 30(a), with the details of mode 4 switching to mode 2
are shown in Fig. 30(b), with the details of mode 2 switching
to mode 4 are shown in Fig. 30(c). It can be seen that the
modulation strategy designed in this article can be smoothly
switched between different modes according to the working
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Fig. 29. Typical operating point details at rated load. (a) Mode 2 to Mode 1
Switching. (b) Mode 1 (vo = Vdc/2 = 100V). (¢c) Mode 1 (vo = /("2" )Vo =
155.6V).
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Fig. 30. Typical operating point detail at 3/4 rated load with output current
exceeding "7"/15. (a) Mode 1 to Mode 3 Switching. (b) Mode 4 to Mode 2
Switching. (c) Mode 2 to Mode 4 Switching.

conditions, and it can also operate safely and reliably under
nonpure resistive loads.

The waveform details of the inverter-side inductor current and
the main switch drain-source voltage for each mode are shown
in Fig. 31, where Fig. 31(a) shows mode 1 (v, = V4./2 =100 V)
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Fig. 31.  Waveform details of the inverter-side inductor current and the main
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Mode 4 at 3/4 rated load with output current exceeding "7"/15. (f) ZVS details
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Fig.32. Dynamic response between full-load and quarter-load. (a) Transition
from rated load to quarterload. (b) Transition from quarter-load to rated load.
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Fig. 33. Infrared thermographic picture of proposed inverter at rated power
with heat sink.

at rated load, Fig. 31(b) shows mode 1 (v, =v/2 V, = 155.6 V)
at rated load, Fig. 31(c) shows mode 2 (v, = 65 V) at rated
load, Fig 31(d) shows mode 3 (v, =2V, =155.6 V) at 3/4
load, Fig. 31(e) shows mode 4 at 3/4 rated load with output
current exceeding 7/15. The waveform details can be seen to be
consistent with the previous analysis.

As shown in Fig. 31 that ZCS can be realized in all modes,
and ZVS can be realized in mode 1 (FL-TPCM) through re-
served fixed dead time for resonant action, details are shown in
Fig. 31(f) and (g).

The dynamic response experimental results are shown in
Fig. 32. It can be seen that the output voltage of the circuit
remains basically stable when transitioning from rated load to
quarter-load and from quarter load to rated load demonstrating
good dynamic response performance.

Fig. 33 shows the infrared thermographic picture of the in-
verter during steady-state operation at rated load. The peak
temperature of the high-frequency switch is about 40.7 °C,
the peak temperature of the inverter side inductor is about
442 °C, and the temperature of the filter capacitor is
about 41.6 °C, indicating the stability of the prototype’s
operation.

Fig. 34 shows the inverter-side inductor current waveforms
of the proposed FL-TPCM/DCM, HP-MCM, and conventional
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Comparison of inverterside inductor current waveforms of FL-TPCM/DCM, HP-MCM, and conventional DCM. (a) FL-TPCM/DCM under rated load.

(b) FL-TPCM/DCM under half load. (¢) HP-MCM under rated load. (d) HP-MCM under half load. (¢) DCM under rated load. (f) DCM under half load.

reveals that the envelope of the HP-MCM is slightly reduced
compared to the conventional DCM, while FL-TPCM/DCM
achieves further optimization, leading to reduced current stress
and lower switching and inductor losses. A comparison of
the efficiency curves of the inverter operating in the proposed
FL-TPCM/DCM, HP-MCM, and conventional DCM is shown
in Fig. 35. It can be seen that the efficiency of the HP-MCM
is slightly improved over the conventional DCM, while the
FL-TPCM/DCM is further improved with a peak efficiency
of 97.4%. This verifies the effectiveness of reducing the PAR
of the inverter-side inductor current through the expansion of
the TPCM operating range, consequently lowering switch and
inductor losses.

The output voltage harmonic content of the inverter operating
at FL-TPCM/DCM, HP-MCM, and conventional DCM is shown
in Fig. 36. It can be seen that the THD of FL-TPCM/DCM is
lower than that of conventional DCM, but higher than HP-MCM.
Since FL-TPCM/DCM improves the duty cycle utilization and
reduces the high frequency harmonics generated by resonance
during current interruptions, a lower cutoff frequency can be
selected when designing the filter thus obtaining higher high

98%
97% //’—v
Iy
5 96%
2
5
95%
94%
125W 187W 250W 312W 375W 437W 500W
== DCM == HP-MCM —*— FL-TPCM/DCM
Fig. 35. Comparison of the efficiency curves of the inverter operating in the

proposed FL-TPCM/DCM, HP-MCM, and conventional DCM.

frequency harmonic attenuation. However, FL-TPCM/DCM has
higher 9th, 11th, and 13th order harmonics. Although HP-MCM
introduces a pronounced fifth-order harmonic resulting from
the HP-TPCM distribution, its other harmonic orders maintain
levels similar to conventional DCM. The comparison between
the FL-TPCM/DCM mixed conduction inverter and other MCM
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TABLE II
COMPARISON OF FL-TPCM/DCM MIXED CONDUCTION MODE INVERTER WITH OTHER MIXED CONDUCTION MODE INVERTERS

. Switching Mode selection Output  Output Efficiency Output _Invener-
Operation modes Topology frequenc criterion ower  voltage  (rated-load) current - side current
duencey P g THD PAR
[21] CCM/DCM H-bridge Constant Duty cycle 1 kW 200 V 97.2% 2.9% 1.41
2 ty cy!
Flyback Variable in BCM  Phase and function o 3.69%
(22] BEM/DCM inverter Constant in DCM  of the input power 200W 230V 89.1% ’ 2
Variable in
[29] BCM/ TI\EM/ DC Hbridge BCM/DCM Phascandload  24kW 220V 98.1%  2.75% 2
Constant in TCM
FL-TPCM/BCM/  T-type hybrid . . . o o
[30] cCM bridge Variable Optimal efficiency 1 kW 220V 98.4% 2.02% 1
. . ZVS and optimal o
[31] HP-TPCM/BCM H-bridge Variable . 400W 200V 96.7% e 2.87
efficiency
[27] HP-TPCM/DCM H-bridge Constant M‘“m;‘:rrgszmem 800W 110V 96.5% 1.29% 2
Proposed  FL-TPCM/DCM | -yPe hybrid Constant Minimum current 550w 110y 974%  1.63% 1.89
bridge stress
2.0 TABLE III
1.8 =DCM ®HP-MCM = FL-TPCM/DCM LOSS ANALYSIS PARAMETERS
~ 1.6
Z 1.4
& 1.2 Ras(on) 65 mQ
<
= 1.0 t 20 ns
S d(off)
> 0.8 ]
% 0.6 fe ns
04 III | Ve 44v
0.2
0.0 | II I|| il L L In On 145nC
THD 3 5 7 9 11 13 15 17 19 21 Ry, 21.5mQ
Harmonic Order Ri» 27.7 mQ
Fig. 36. Comparison of the output voltage harmonic content of FL-
TPCM/DCM, HP-MCM, and conventional DCM. TABLE IV

inverters is given in Table II. It can be seen that the proposed
FL-TPCM/DCM inverter achieves the highest efficiency under
constant switching frequency, simplifies control, and outper-
forming other MCM inverters in current stress optimization.

V. CONCLUSION

A high-efficiency FL-TPCM/DCM MCM modulation strat-
egy for five-level inverter topology is proposed, FL-TPCM to
reduce conduction losses and current stress, applied for medium-
to-high loads; FL- DCM as a supplement for fixed switching
frequency, suitable for light-to-medium loads; bipolar FL-DCM
to provide reactive power and expand application scenarios.
It significantly expands the TPCM’s fixed-frequency operating
range by introducing a half-level, reduces the PAR of inverter-
side inductor currents, lowers conduction losses for improved
efficiency, and achieves high dc voltage utilization. A 500 W
inverter prototype was built. Experimental results show that
the proposed FL-TPCM/DCM significantly improves efficiency,
achieving a peak efficiency of 97.4%.

APPENDIX

The loss analysis parameters are given in Table III.
The magnetic flux density B,, is calculated as

B <a+bH+cH2>w

Y e 61
1+dH +eH? 6D

INVERTER-SIDE INDUCTOR PARAMETERS

Core Magnetics 0077550A7
V. 5340 mm?
Le 81.4 mm
N FLtPeM/DOM 51
N wp-vom 55
N pem 59
a 3.763 %10
b 1.1712x10?
c 5.155x10*
9.19 %107
e 4.909 x10*
X 1.812

where H = N(ipeak/Le), the inverter-side inductor core parame-
ters are given in Table IV.
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