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A Trapezoidal Current Mode to Reduce Peak Current
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Abstract—Triangular current mode (TCM) and near-critical
conduction mode (near-CRM) are popularly used in de—dc con-
verters to achieve zero-voltage switching (ZVS). However, they
encounter a huge peak current problem, more than twice the
average current. To solve this problem, this article proposes a
novel trapezoidal current mode (TZCM) for three-level de—dc
converters, aiming to reduce the inductor peak current and realize
ZVS simultaneously. A trapezoidal modulation with 2-1-0 level
sequences and duty cycle swapping is developed to generate the
trapezoidal inductor current. To take advantage of the TZCM, a
variable switching frequency control is proposed to realize ZVS for
all switches in the full operating range. Compared with TCM, the
proposed TZCM and its modulation not only reduce the conduction
and turn-OFF losses of the power switches by lowering the peak and
rms currents but also realize ZVS at D = (.5, where ZVS cannot
be realized in the traditional modulation because the inductor
current ripple is equal to zero. The proposed TZCM and variable
switching frequency control are validated using a 2-kW prototype
with 99.06 % efficiency.

Index Terms—Ceritical conduction mode (CRM), three-level DC-
DC converter, trapezoidal modulation, triangular current mode
(TCM), zero-voltage switching (ZVS).

I. INTRODUCTION

HE use of high-efficiency dc—dc converters is essential in
various applications, such as PV generation, fuel cells,

Manuscript received 9 January 2024; revised 21 April 2024; accepted 4 May
2024. Date of publication 10 May 2024; date of current version 20 June 2024.
This work was supported in part by the National Natural Science Foundation of
China under Grant 52107210, in part by the Science & Technology Innovation
Program of Sichuan Province under Grant 2022NSFSC1899, and in part by
Chengdu Guojia Electrical Engineering Company Ltd. under Grant NEEC-
2022-B15. Recommended for publication by Associate Editor M. Andersen.
(Corresponding author: Yi Tang.)

Zhigang Yao is with the School of Electrical Engineering, Southwest
Jiaotong University, Chengdu 611756, China, and also with the Energy Re-
search Institute, Nanyang Technological University, Singapore 639798 (e-mail:
zhigangyao @swjtu.edu.cn).

Xinyu He and Haogang Lan are with the School of Electrical Engi-
neering, Southwest Jiaotong University, Chengdu 611756, China (e-mail:
hxy515@my.swjtu.edu.cn; lanhaogang @my.swjtu.edu.cn).

Haoxin Yang, Ziheng Xiao, and Fei Deng are with the Energy Re-
search Institute, Nanyang Technological University, Singapore 639798 (e-mail:
haoxin.yang@ntu.edu.sg; ziheng.xiao@ntu.edu.sg; fei.deng@ntu.edu.sg).

Caisheng Wang is with the Department of Electrical and Computer
Engineering, Wayne State University, Detroit, MI 48202 USA (e-mail:
cwang @wayne.edu).

Yi Tang is with the School of Electrical and Electronic Engineering, Nanyang
Technological University, Singapore 639798 (e-mail: yitang@ntu.edu.sg).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3399216.

Digital Object Identifier 10.1109/TPEL.2024.3399216

, Haogang Lan
, Member, IEEE, Caisheng Wang
, Senior Member, IEEE

, Haoxin Yang ¥, Member, IEEE,
, Senior Member, IEEE,

electric vehicle battery charging, and dc loads. To reduce the
voltage stress of power switches, multilevel dc—dc topologies
have garnered considerable attention due to their superior per-
formance, which not only improves the voltage level of the
converter but also reduces the size of the inductor and capacitor
in the converter [1]. Among these topologies, the three-level
dc—dc converters are particularly favored due to their simple
structure [2], [3].

Three-level dc—dc converters have the advantage of reducing
the voltage stress of power switches to half of the dc bus
voltage and are widely used to increase the rated voltage of
the converter [4]. Traditionally, the three-level dc—dc converters
are operated in continuous conduction mode (CCM), but this
causes hard-switching operation, resulting in significant switch-
ing losses and electromagnetic interference problems [5], [6].
To overcome these drawbacks, literature [7], [8], [9] have stud-
ied soft-switching techniques, especially zero-voltage switching
(ZVS), which is a favorable method to eliminate the turn-ON and
diode reverse recovery losses and is widely used in power elec-
tronic converters. For the traditional methods, some auxiliary
components and circuits need to be added to the original power
converter to realize the ZVS, resulting in increased hardware
complexity and size [10]. For example, in [11], [12], and [13],
some inductors, capacitors, and power semiconductor switches
are added to create a resonant transition to realize ZVS.

To avoid the increased auxiliary circuits, the triangular current
mode (TCM) is used to achieve ZVS by enlarging the inductor
current ripple [14], [15], [16]. For example, in the literature
[17], the flying capacitor dc—dc converter is controlled in TCM
to realize ZVS without any auxiliary components. However,
this mode has a large negative current and peak-to-peak cur-
rent, resulting in large conduction losses and turn-OFF losses.
Therefore, the near-critical conduction mode (near-CRM) is
used in [6] and [18] to reduce the inductor peak and rms currents
while enabling ZVS by utilizing smaller valley current values.
In the literature [5], [6], [19], a three-level dc—dc converter is
controlled in near-CRM to realize ZVS without any auxiliary
devices. The near-CRM is also applied in a three-level inverter
in [20], where the soft-switching is achieved by the fully digital
control approach based on variable turn-OFF time and deadtime.

Although ZVS can be realized by controlling the converter
in TCM or near-CRM, the peak value of the triangular inductor
current is more than twice the average current, which aggravates
the current stress and turn-OFF losses of the power switch. To
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Fig. 1. (a) Three-level DC-DC converter topology operating in buck mode.

(b) Traditional TCM. (c) Proposed novel trapezoidal current mode (TZCM) to
reduce the inductor peak current in near-CRM.

realize ZVS while reducing the inductor peak current, some
methods have been studied recently in two-level dc—dc con-
verters. For example, a generic ZVS scheme in parallel power
MOSFETs is proposed in [21] to reduce the peak current of each
switch, but it needs two parallel switches that are alternately used
to conduct the rated current. The quadrilateral current modes
are proposed and optimized in [22], [23], [24], and [25] for
four-switch buck-boost converters to lower the inductor current
ripple and rms values. However, these previous methods are
mainly studied for four-switch buck-boost converters, which are
not applicable to the three-level dc—dc converter.

To realize ZVS in near-CRM while reducing the inductor
peak current, this article proposes a novel TZCM for three-level
dc—dc converters. It not only reduces the switching losses by
operating all switches in ZVS but also reduces the conduction
losses of power devices by lowering the inductor current peak
and rms values. A variable switching frequency control is also
proposed to operate the converter under near-CRM and to realize
all switches in ZVS. Compared with the previous literature, there
are huge differences in inductor current shape as shown in Fig. 1,
working principle, and control method.

The rest of this article is organized as follows. The detailed
modulation principle, circuit modes, and comparison are ana-
lyzed in Section II. Then, a variable switching frequency control
is proposed in Section III, and the comparison is described in
Section IV. Finally, the proposed TZCM and control method
are verified in a 2-kW three-level dc—dc converter in Section V.
Finally, Section VI concludes this article.

II. PROPOSED TZCM TO REALIZE ZVS IN NEAR-CRM

The three-level dc—dc converter, illustrated in Fig. 1(a), tra-
ditionally operates in CCM, resulting in severe switching losses
due to hard-switching. To mitigate these losses, the converter
can be designed and controlled in either TCM or near-CRM
to achieve ZVS for all four switches. In the traditional TCM,
depicted in Fig. 1(b), the peak current of the inductor exceeds
twice the average current. Although achieving ZVS can reduce
turn-ON losses, the substantial peak current leads to significant
turn-OFF current and turn-OFF losses in power semiconductor
devices.
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Fig. 2. Trapezoidal modulation with duty cycle swapping, which is proposed

to make the three-level DC-DC converter generate trapezoidal inductor current
in near-CRM with (a) 0 < Dy + D4 < land (b) 1 < Dy + D4 < 2.

A. Proposed TZCM

To address the drawbacks associated with large peak cur-
rents in TCM, this article proposes a TZCM, as shown in
Fig. 1(c), where the inductor current is trapezoidal or quadri-
lateral (nonstandard trapezoidal shape). The output sequence of
the modulation adopts a 2-1-0 level, producing an approximate
trapezoidal waveform for the inductor current. This technique
offers significant benefits in lowering both the peak and rms
currents of the inductor compared to the traditional TCM.

To realize the trapezoidal inductor current, a trapezoidal mod-
ulation principle is illustrated in Fig. 2, where S and S4 can be
considered as the main switches. These switches are organized
into two sets of complementary pairs, namely S; and Ss, S3
and Sy. The primary operational waveforms involve two duty
cycles, Dy and D4, which interchangeably govern the operation
of S and Sy4. During the first switching period (odd period), Dy
and D4 control the operation of S; and Sy, respectively. At the
beginning of each switching cycle, the main switches S; and Sy
turn ON. They do not turn OFF until the carrier signals exceed
the reference duty cycle values. In the subsequent switching
period (even period), D; and D, are exchanged with each other,
directing their operation to S, and S, respectively.
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For the proposed TZCM in the three-level dc—dc converter,
the output switching voltage v, changes from V;.-V},2-0 in the
odd period to V4.-V};,1-0 in the even period. Consequently, the
inductor current waveforms are divided into three linear seg-
ments. Moreover, the duty cycles of S; and Sy are interchanged
in each period to promote voltage balancing across the two series
capacitors Cp1 and Cpo. In accordance with the volt-second
balance and the superposition principle, the average voltage
during the first switching period is

Vo1 = D1Vh1 + DyVpa. (H
The average voltage during the second switching period is
Vo2 = D1Vha + D4V (2)

By solving for the average over two periods, the final output
voltage can be Forted as

1 D+ D
V, = 3 (Vo1 + Vo) = % (Vi1 + Vo)
D+ D
= %Vdc = DVg. 3)

Considering the deadtime and the positive/negative inductor
currents, the trapezoidal modulation waveforms are divided into
16 intervals from ¢y to t16 as shown in Fig. 2(a), and their
corresponding switching mode equivalent circuit diagrams are
presented in Fig. 3.

Taking the first switching cycle as an example, from 7y to
11, S1 and S4 conduct the inductor current inversely for a short
time. Then, from #; to 72, S1 and S4 conduct positively until the
inductor current rises linearly to the first peak current /7 at to.

During the intervals fy—#; and #;—fo, while neglecting voltage
drops in power switch devices, the slope of the inductor current
is

cz_L VeV @
t L

During the interval f5—t3, the inductor current flows the body

diode of Ss. From 73 to 74, Sy and S4 negatively conduct the

Deadtime 712-113

Main Switch State f11-f12 Deadtime fi0-f11

Second switch cycle

Switching mode equivalent circuit diagrams of the trapezoidal modulation for the three-level DC-DC converter in TZCM.

inductor current. Neglecting voltage drops in power switch
devices, the slope of inductor current during the intervals fo—t3
and 1314 18

dip _ Ve —Vo )

dt L

During the intervals 7415, 15—, and fg—t7, the inductor current
drops to a negative value, and its slope is

P ©

The second switching cycle follows a similar pattern to the
first one, except that the switching states during the second
linear inductor current segment are different. In this process,
S; and S3 are turned ON, the slope of the inductor current
is

dip, _ Vm — Vo. 7

dt L

To facilitate the voltage balancing of the two series capacitors,
the duty cycle Dy and D, are assigned alternately to the main
switch S; and S4 during the odd and even periods. In order to
simplify the analysis, the smaller duty cycle is assigned to D,
and the larger duty cycle is assigned to D so that only the case
0<D1<D4<1 is analyzed. In addition, the two series capacitor
voltages are well balanced, i.e., Vj,1 = V0 = 0.5V ;.. The change
of the inductor current during the first linear segment, ranging
from ¢; to to, can be solved as

V;lc - Vo

AiLl - WDI (8)

The change of the inductor current during the third linear
segment, ranging from ¢, to t7, can be solved as

Vo
(1—Dy). &)

Airg =
2 Ll
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By solving the area of the trapezoidal current, the average
inductor current /7, can be expressed as

1 . .
ILavg - 5 [DlAZLl + (D4 - Dl) (Ale

+ Airg) 4+ (1 = Dy) Aigo] — [1,-]. (10

By substituting (3), (8), and (9) into (10), the average inductor
current can be solved as
(D1 + Dy — D1* — Dy?) Vge
4L fow

ILavg = - |Ip7‘ (11)
where I,. is a negative valley current and f;,, is the switching
frequency.

The three linear inductor current segments construct the
trapezoidal current waveform. At the turning points of these
linear segments, resonant transitions occur, which are the key to

realizing ZVS.

B. ZVS Transition in Near-CRM

With the trapezoidal modulation and proper control, the
three-level dc—dc converter can work in TZCM with near-CRM,
enabling ZVS soft-switching for all four switches. There are
three resonant transition zones at (a) the first peak current /1;
(b) the second peak current /5; and (c) the valley current /,,_, as
shown in Fig. 4.

Atthe first peak current I, as shown in Fig. 4(a), the resonance
process is triggered by the turn-OFF action of S;. Then, the
resonance between the inductor L and the parasitic capacitors
C; and Cq is generated until the voltage v¢o is clamped by the
body diode of S5. At the end of the deadtime, a high level is
applied to the gate signal of S5, while the voltage v is close to
zero due to the inductor current flowing through the body diode
of S5, so S5 is turned ON with ZVS.

When S, is turned OFF at the second peak current /5, as
shown in Fig. 4(b), a resonant network is established between
the inductor L and the parasitic capacitors C3 and C4. Within
the resonance interval 74—t;, C4 is charged to Vo, while Cs is
discharged to O until v¢3 is clamped by the body diode of Ss.
Consequently, S5 realizes ZVS turn-ON naturally.

During the negative valley current, So and S are nearly turned
OFF simultaneously so that a resonance network among L, C,
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Cs, Cs, and C4 is formed. During the course of the resonance
transition, Co and C5 are charged to V31 and V9, respectively,
whereas C; and C4 are discharged to 0. When the inductor
current flows the body diodes of S; and Sy, i.e., the inductor
current at fg is less than 0, both §; and S4 naturally realize ZVS
turn-ON.

From the abovementioned analysis of the resonant process, it
is evident that a crucial condition for the four switches to achieve
ZVS is that the inductor current must encompass both positive
and negative values throughout each switching cycle. To reduce
the conduction loss and turn-OFF loss, a small negative induc-
tor current should be adopted. However, the negative inductor
current cannot be too small to lose the ZVS process. According
to [1], [5], and [7], to realize the ZVS, the valley current at the
turn-OFF moment must satisfy

[Ip-| > \/ Qoss,equ (Vie — 4V5) /L

~ 1/0.5V4C (Vge — 4V,) /L

where C represents the charge-equivalent capacitance from O to
0.5V, for the nonlinear parasitic capacitor of the switch device
[7]. For example, C = 236 pF for SiC C3M0025065K. Using
(12), the negative valley current can be calculated as /,,.<—0.55
A with V3. =600 V and L = 140 pH. In the experiment below,
I, 1is chosen as —1 A. Referring to [5] and [19], the deadtime for
the three-level dc—dc converter can be designed as 0.5 ;s when
I,.=—1A.

12)

III. PROPOSED VARIABLE SWITCHING FREQUENCY CONTROL

In order to make the three-level dc—dc converter operate in
near-CRM, the converter can be controlled with proper inductor
current ripple by adjusting the switching frequency [6], [26].
Based on (11), the switching frequency can be expressed as

(D1 + Dy — Dy* — Ds?) Vg
4 (Tpavg + [Ip-]) L
where /,,_ is a constant set to the appropriate value based on (12),

D1 and D, are subject to two side constraints. One is that the
sum of Dy and D4 must satisfy

fSW: (13)

2V,

D, + Dy = e

(14)
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The other is that the peak and rms currents of the inductor and
power switches should be small so that the converter has better
efficiency. Based on the comparison in Section IV, D; can be
selected as 0.1-0.2 to get relatively small peak and rms currents.

By introducing the required switching frequency into the
control system, the proposed TZCM-based variable switching
frequency control for the three-level dc—dc converter is shown
in Fig. 5, which is operated in near-CRM with reduced peak
current. The variable I,_ is set based on (12), and D; can be
designed based on the comparison in Section IV, where D1 is
chosen to be 0.15 to keep the peak and rms currents small.

Based on (13), the inductor value can be expressed as

I (D1+D4—D12—D42) Vae (15)
4 (IL'dVg + ‘IP*D fsw .

Designing the inductor value needs some careful considera-
tions, including the switching frequency range, the valley current
value, the output current, and the nonlinear characteristics [27].
Take a battery charging application as an example: V4. = 600V,
Vo = 200-400 V, fs, = 20-60 kHz, and /7., = 0-8 A. The
inductance can be calculated to be a maximum of 150 pH at the
operating limit with a minimum switching frequency of 20 kHz,
a minimum D; = 0.1, and a maximum output current of 8 A.
Considering some margin for the switching frequency, the induc-
tance can be selected as 140 pH. The relationship between the
switching frequency and the average inductor current is shown
in Fig. 6. As the average inductor current (equal to the output
load current) increases, the switching frequency decreases.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

IV. COMPARISON WITH TRADITIONAL TRIANGULAR
MODULATION

A. Peak and RMS Current of the Inductor

By combining (8), (9), and (13), the two peak values of the
trapezoidal inductor current can be expressed as

. A(Ipave+|Ip-|)(Vae—Vo)D
L= Aipy = |- = ((DLlJiDLfJD‘)lngﬁ))w: = -
12 — AiLQ _ |I _| — A Lave+Ip-[)Vo(1-Dy) _ ‘I _|

(D1+D4=D1*-Dy?) Vi

(16)

where [; is the first peak current, /5 is the second peak current,

and I,_ is the valley current that is set based on (12).
The maximum peak current is

ineak :max{Il,IQ}. (17)

Using the superposition principle for the three linear seg-
ments, the inductor rms current can be calculated as (18) shown
at the bottom of the next page.

Compared to the traditional modulation, the proposed new
modulation method not only realizes ZVS soft-switching in
near-CRM but also has smaller inductor peak and rms currents,
as shown in Fig. 7. It is evident that the smaller the duty
cycle Dy, the lower both the inductor’s peak current and rms
current. This is advantageous for mitigating conduction losses
and turn-OFF losses in power semiconductor switches. However,
the reduction of duty cycle D is limited by factors such as
output voltage, input voltage, average inductor current, negative
current, switching frequency, and inductor value. Consequently,
there exists a minimum peak current point during the reduction
of duty cycle D;. When D; falls below the value corresponding
to the minimum peak current point, the switching peak current
increases instead of decreasing, as shown in Fig. 7(a).

B. Peak and RMS Current of the Switch Devices

The current waveforms of the power devices using the tradi-
tional modulation and the proposed trapezoidal modulation are
shown in Fig. 8. Using the traditional modulation at D+0.5,
the inductor current ripple is sufficient around D = 0.25 or
0.75. But when D = 0.5 (D = V,/V4. = 0.5) for the triangular
modulation, the inductor current ripple is almost zero, and fails
to operate the converter in near-CRM. Therefore, the traditional
modulation cannot realize ZVS in the full working range, which
must be considered to move away from the working point
at D =0.5.

However, for the proposed trapezoidal modulation, the current
ripple is still sufficient to be in near-CRM at D = 0.5, as shown
in Fig. 8(c). It has sufficient inductor current ripple over a wide
range of duty cycles to work in near-CRM.

By analyzing the peak and rms current waveforms of the
inductor and the switches, as shown in Fig. 8, and combining
expressions (16) and (17), the peak currents of the switches can
be obtained as

Z'Speak = ineak = max {Ih 12} (19)
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[2] and [4] with D = 0.5, where the inductor current ripple is almost zero around
D = 0.5, and does not work in near-CRM. (c¢) Proposed trapezoidal modulation,
which has sufficient current ripple over a wide range of duty cycles.

and the rms currents of the switches can be obtained as

Isl,S4_rms =

L2+ 1L+ 12
112+111§,,+I ’2D1—|— 17+ I1do + 1o (20)

6 (D4 — Dn)

9451

Di1=Da=Vo/Vde

S10rS4RMS Current (A)
6.6

D1=Ds=Vo/Vdc
ol Y

/ N

6 S20rS3 RMS Current (A)

Traditi A SN L. .

| quitional TCM 5394 / § \\

6.3 72

6.8

5.7 Y 6.4 - =
Proposed TZCM Proposed TZCM
—Vo=240V —Vo=260V ~V0=240V —Vo=260V |
Vo= —Vo=280V i
54 Vo=280V 6 4 !
0.1 0.2 03 0.4 05 0.1 02 03 04 0.5
Duty cycle D1 Duty cycle D1
(a) (b)
Fig. 9. Comparison of the rms currents of the switch devices under different

modes with Vqe = 600 V, Iavg = 8 A and I, = —1 A. (a) RMS current of
switch S1 or S4. (b) RMS current of switch S or S3.

ISQ,Sg_rms -

L2? + LI, +1,2
3

LDl (D, - D) + (1-Dy)

1)

where igpeak represents the peak current of all four switches,
Is1,54 rms represents the rms current of §; and S4, and
Is2 53_rms Tepresents the rms current of So and S3.

According to (19) and Fig. 7(a), the peak currents of the four
switches are equal to the peak current of the inductor, so it can
be directly concluded that the TZCM proposed in this article has
the smaller peak currents for the four switches compared to the
traditional TCM.

The rms currents of the switch devices under different modes
are shown in Fig. 9. It can be observed that, as the duty cy-
cle decreases, the rms currents of the four switches gradually
decrease. In addition, for D1 + Dy < 1 (ie., V, < 300 V),
where the conduction duration of switches Sy and S5 are longer
than that of switches S and Sy, the rms current of S5 and S3 is
greater than that of S; and Sy. In any case, the rms current of
the proposed TZCM is smaller than that of the traditional TCM,
which indicates that the conduction losses of the power switches
can be reduced in TZCM.

C. RMS Ripple Current of the Input/Output Capacitor

The input and output ripple currents are absorbed by the input
filter capacitors Cp1, Cp2, and the output filter capacitor C,,
respectively. By combining (11) and (20), the rms current of
Cj1 and Cy,5 can be obtained as

Loy Consms =\ Tsy s = D2l (22)

L2+0LI, +1,72
Iers: ! +1§ + D1+ 3

L2+ L1+ 12

L2+ LI, +1,°7
3

(Ds — Dy) + (1= Dy). (18)
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Fig. 10.  Comparison of input/output rms ripple currents under different modes
with Vge = 600 V, ILavg = 8 A, and I. = —1 A. (a) Input rms ripple current
absorbed by C,1 and Cp2. (b) Output rms ripple current absorbed by C,,.

By combining (11) and (21), the rms current of C, can be

obtained as
2 2
Icofrms =\ Iers - ILavg .

The comparison of input/output rms current ripple under
different modes is shown in Fig. 10, where the proposed TZCM
has smaller rms ripple currents. As the duty cycle D; decreases,
the rms ripple currents for both the input and output capacitors
also decrease.

Therefore, compared to the traditional TCM, the proposed
TZCM in this article not only has smaller peak and rms currents
for both the inductor and the four switches but also has smaller
rms ripple currents of the input and output capacitors. As aresult,
the peak and rms currents for the inductor, the four switches and
the input/output capacitors are reduced, which is beneficial for
improving the efficiency of the three-level dc—dc converter.

(23)

D. Power Loss Evaluation

To evaluate the power loss of the three-level dc—dc converter
operated in TZCM, the conduction and switching losses of the
power device are calculated. Based on Fig. 8(c), the inductor
current always flows through two complementary switches in
four main switches, so the conduction loss can be calculated as

PCond - 2I%rms-RDS&)n- (24)

Because all four switches realize ZVS turn-ON, there are no
turn-ON losses of switch devices and reverse recovery losses of
body diodes. Based on Fig. 8(c) and [5], the switching losses are

Pi1 = Powa = 0.5 fow (Bott,1, + Eofr,1,) (25)
Pywo = Bywz = fswEoff,Ip, (26)

where Eqq 11 is the turn-OFF energy at I1, Eq 12 is the turn-OFF
energy at I, and Ef, 1, is the turn-OFF energy at /,,_, which can
be found in the manufacturer’s datasheet or measured by double
pulse test.

Referring to [5] and [28], the copper loss of the inductor
mainly consists of dc resistance and high-frequency ac resis-
tance, which is calculated as

PCopper = I%/rms,chdC + I%rms,acRaC‘ (27)
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Fig. 11. (a) Experimental prototype of the three-level DC-DC converter.
(b) Experimental test setup platform.

And the core loss of the inductor is calculated as

LAILN\"”
PCore = afﬁ”(QNAL) Vve

(28)

where V. is the volume of the magnetic core, A. is the effective
cross-section area, and «, (3, -y are the core material loss coeffi-
cients, which can be found in the magnetic core manufacturer’s
datasheet.

The input/output capacitor losses caused by the rms ripple
currents are calculated as

PCh17Ch2 = 2Igh1,ch27chhl,ch2 (29)
P, = 1%, mRe, (30)

where Rcp1,cn2, and Re, are the high-frequency equivalent
resistances of the input and output capacitors, respectively.

V. EXPERIMENTAL RESULTS

To verify the proposed trapezoidal modulation scheme, a
three-level dc—dc converter prototype is built as shown in Fig. 11.
The type of power switch is SiC MOSFET C3M0025065K, the
controller is DSP F28377D, and an inductance of 140 pH is
selected to operate the switching frequency in the range of
20-60 kHz. The input and output electrolytic capacitors are
330 pF and 440 pF. The inductor is wound using two KS301026
magnetic cores and 29 turns of Litz wire.

The waveforms of the proposed trapezoidal modulation under
different duty cycles at 50 kHz are shown in Fig. 12. These
inductor currents are in near-CRM with a negative valley current.
When the sum of Dy and Dy is close to 1, the inductor current
waveform is almost a standard trapezoidal shape. It can be seen
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Fig. 12. Waveforms of the proposed TZCM at different duty cycles with fs,,
= 50 kHz and deadtime = 0.5 pus. (a) D1 = 0.1 and D4 = 0.9. (b) D; = 0.2
and D4 = 0.8. (¢) D1 = 0.1 and D4 = 0.7. (b) D; = 0.27 and D4 = 0.93.
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Fig. 13.  Waveforms of the proposed TZCM with 1.6 kW output power at D
=0.15,D4 = 0.85, and Vg, =600 V, V, =296 V.

that the inductor current with three different slopes is caused by
three different v, voltage levels 2-1-0, i.e., 600V-300V-0.

Fig. 13 shows the test waveforms of the proposed TZCM with
1.6 kW output power at D; = 0.15, D4 = 0.85, and V4. = 600 V.
Theoretically, the output voltage is 300 V, but due to the effect
of dead time, the actual output voltage is 296 V. The average
current of the inductor is 5.5 A, but the peak current is only
6.4 A and the rms current is only 5.8 A, which are less than that
of the traditional TCM.

The ZVS transition waveforms of Fig. 13 in near-CRM with
the proposed TZCM are magnified as shown in Fig. 14. There are
three ZV S regions: around the negative valley current /,,_, around
the first peak current /;, and around the second peak current
I>. Around the negative valley current, S; and Sy realize ZVS
turn-ON as long as the inductor current at the turn-ON moment
is less than zero. While S5 and S5 still turn ON with ZVS in both
CCM and near-CRM because the positive inductor current flows
through the body diodes of Sy and S3 at the moment to turn them
ON.

Based on the proposed control in Fig. 5, the dynamic wave-
forms as the output current changes from 5 to 2 A are shown in
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Fig. 15. Dynamic test waveforms when output current changes from 5 to 2 A,
where the output port is a voltage source such as a battery.

Fig. 15. It verifies that the three-level dc—dc converter still works
in near-CRM with the proposed TZCM by variable switching
frequency control. As the output current goes down from 5 to
2 A, the switching frequency increases from 22.3 to 44.5 kHz.

As shown in Fig. 16, the dynamic tests when the output
voltage changes from 120 to 200 V are to verify the proposed
modulation and control method in near-CRM for this converter.
It is implemented by relying on the control diagram in Fig. 5
with an output voltage loop. During the voltage changes, the
inductor current is still trapezoidal and in near-CRM. Since the
output capacitor is present, the change of V,, will generate some
currents to charge/discharge the capacitor C,,.

The experimental waveforms of the startup process for the
three-level dc—dc converter are divided into two operating
modes: one is that the output port is a voltage source, such as a
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Fig. 16.  Dynamic test waveforms when output voltage changes from 120 to
200 V, where the output port is a resistor load.
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Fig. 17.  Waveforms of the converter startup process. (a) Output port is a
voltage source, such as a battery. (b) Output port is a resistor load.

battery, where the startup is relatively easy and the steady state
can be reached quickly, as shown in Fig. 17(a). The other is that
the output port is a resistive load, but the startup will be slower
due to the output filter capacitor that needs to be charged, as
shown in Fig. 17(b).
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Fig. 19.  Efficiency results of the proposed TZCM and the traditional operation

modes for the three-level DC-DC converter with the same hardware prototype
at Vgc = 600 V.

Fig. 18 shows the steady state waveforms at 400 W, 1.2 kW,
and 2.0 kW output power with V4. = 600 V and V, = 296 V.
At light loads such as 400 W, the negative peak current is a
somewhat large due to the maximum switching frequency limit
of 60 kHz. As the output power increases, the required switching
frequency is reduced to realize variable switching frequency
control, so the converter works in near-CRM with a smaller
negative peak current.

The efficiency of the proposed TZCM and control method for
the three-level dc—dc converter at Vg, = 600V, V, =296 V is
shown in Fig. 19, which reaches 99.06% efficiency at 2 kW.

In order to compare the efficiency in TCM, we operate this
converter with two-level modulation to produce enough inductor
currentripple. Although the TCM can be achieved with two-level
modulation (TCM cannot be achieved with conventional three-
level modulation at D = 0.5), the efficiency of the converter is
lower than that of TZCM and CCM due to the large inductor
current ripple caused by the two-level modulation. In fact, TCM
is not suitable for this three-level converter around D = 0.5. The
proposed TZCM is most advantageous around D = 0.5 because
the inductor current is almost a standard trapezoidal wave with
a lower peak and rms inductor current for the same average
current.

The loss breakdown of the three-level dc—dc converter is
shown in Fig. 20(a), which is theoretically calculated. The
switching losses include only turn-OFF losses, where there are
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Fig. 20.  (a) Loss breakdown for the 2-kW three-level DC-DC converter with
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no turn-ON losses of switch devices and reverse recovery losses
of body diodes because all four switches realize ZVS turn-ON.
The largest percentage is the core loss of the inductor, which
is 24%. The others mainly consist of PCB copper loss, body
diode conduction loss during deadtime, and some errors. The
measured data from the power analyzer WT5000 at 2 kW is
shown in Fig. 20(b), which is in general agreement with the
theoretical calculations.

VI. CONCLUSION

This article proposes a novel TZCM to reduce the inductor
peak current in near-CRM for three-level dc—dc converters.
Compared to the traditional TCM, the proposed mode and
method in this article effectively reduces both the peak and
rms current of the inductor, the four power switches, and the
input/output capacitors. A variable switching frequency control
is also proposed to operate the converter under near-CRM and
to realize all switches in ZVS. The experiments are performed
in a 2-kW three-level dc—dc converter with 99.06% efficiency,
which verifies the feasibility of the proposed TZCM and control
method. TZCM has the advantage of ZVS soft-switching and
lower peak/rms inductor current, so the proposed method is
valuable to realize the high efficiency of the three-level dc—dc
converter.
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