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Abstract—TIn this paper, by investigating the topology derivation
principle of the phase-shift-controlled three-level dc/dc converters,
the modular multilevel dc/dc converters, by integrating the full-
bridge converters and three-level flying capacitor circuit, are pro-
posed for the high step-down and high power dc-based systems. The
high switch voltage stress in the primary side is effectively reduced
by the full-bridge modules in series. Therefore, the low-voltage-
rated power devices can be employed to obtain the benefits of low
conduction losses. More importantly, the voltage autobalance abil-
ity among the cascaded modules is achieved by the inherent flying
capacitor, which removes the additional possible active components
or control loops. In addition, zero-voltage-switching performance
for all the active switches can be provided due to the phase-shift
control scheme, which can reduce the switching losses. The circuit
operation and converter performance are analyzed in detail. Fi-
nally, the performance of the presented converter is verified by the
simulation and experimental results from a 2-kW prototype.

Index Terms—Input voltage autobalance, modular multilevel
dc/de converter, phase-shift control scheme, zero-voltage switch-
ing (ZVS).

1. INTRODUCTION

C-BASED distributions and dc-based microgrids are rec-
D ognized as the promising solutions for future smart-grid
systems due to their clear advantages of flexibility for pho-
tovoltaic and fuel cells interface, without frequency stability,
high conversion efficiency, and easy system control [1], [2].
Furthermore, dc-based data center and residential systems have
received considerable attention [3], [4]. In general, a high dc
voltage is required for the dc-based distribution and microgrid
systems to improve the delivery power capability and reduce the
transmission losses. Consequently, high-voltage dc/dc convert-
ers with high performance are quite attractive and challengeable
research topics in the power electronics community.
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For the full-bridge-based high power converters, the high-
voltage-rated power MOSFETs and insulated-gate bipolar tran-
sistors are required to sustain the high bus voltage, which
increases the conduction losses and impact the power den-
sity owing to the technological limitations of high-voltage
semiconductors. In order to reduce the voltage stress on the
active switches, some efforts have been made to derive the ad-
vanced converter topologies. The series-input series-rectifier in-
terleaved forward converter with a common transformer reset
circuit is proposed in [5], which reduces the switch voltage stress
to half of that of the conventional active-clamp forward convert-
ers. Likewise, a coupled dual interleaved flyback converter is
introduced to halve the switch voltage stress compared with the
conventional flyback converters in [6]. Unfortunately, their hard
switching operation impacts the conversion efficiency. Further-
more, the interleaved resonant converters with series-connected
transformers are given in [7] and [8]. The series half-bridge cells
can reduce the switch voltage stress. However, some transform-
ers with multiple windings exist. Moreover, the series asymmet-
rical half-bridge converter is presented in [9], which combines
two asymmetrical half-bridge cells and shares the same trans-
former and leakage inductance. In addition, three pairs of series
switches are connected in the primary side in [10], which re-
duces the switch voltage stress to only one-third of the high
input voltage. In [11], the auxiliary snubber circuit is added
to achieve ZVS in a wide load range and reduce the circulat-
ing current. Aforementioned topology in [10] is extended to N
pairs of half-bridge cells in [12], where the voltage stress of the
primary switches is only one /N'th of the high input voltage. How-
ever, the input voltage autobalance mechanism does not exist,
which means that additional balance circuits or voltage-sharing
control loops are necessary. Three-level converters (TLCs) are
appropriate candidates in the high input voltage applications for
the advantage of automatically half-input voltage stress on the
switches [13]. In order to extend the soft-switching range for
the primary switches or minimize the reverse-recovery losses for
the secondary diodes, some state-of-the-art improvements are
generated [14], [15]. Furthermore, multilevel converters with
more devices can span higher input voltage. Unfortunately, the
number of the achievable voltage levels is quite limited not
only due to the voltage unbalance problems but also due to the
voltage clamping requirements, circuit layout, and packaging
constraints [16].

The input-series output-parallel (ISOP) connected modular
converters are regarded as good choices in the high input voltage
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applications. Besides the advantage of the switch voltage stress
reduction, ISOP converters are the important step toward truly
modular power converter architecture, where the low-power,
low-voltage, standardized modules can be connected to realize
any given system specifications [17]. However, the input voltage
balance is critical for the ISOP systems. Common duty ratio
control scheme is proposed in [17] and [18], where the same
duty ratio signal is applied to the different modules, and then
the input voltage sharing is theoretically achieved, but equally
to the extent that the other parameters are equal. Many kinds of
control strategies [19]-[24] are carried out to optimize the input
voltage balance performance, but the complexity and cost of the
system are increased.

In this paper, the flying capacitor and full-bridge converters
are combined and integrated to derive the advanced modular
multilevel dc/dc converters for the high step-down and high
power dc-based conversion applications. Due to the charging
and discharging balance of the built-in flying capacitor, the
input voltage autobalance ability is naturally realized, which
halves the switch voltage stress and overcomes the input volt-
age imbalance. Furthermore, the phase-shift control strategy can
be adopted to achieve the soft-switching operation and reduce
the switching losses. The concept of modular multilevel dc/dc
converters may provide a clear picture on high-voltage dc/dc
topologies for the dc-based distribution and microgrid systems.

The outline of this paper is highlighted as follows. The deriva-
tion law of the proposed modular multilevel dc/dc converters is
illustrated in Section II. The operational principle and the in-
put voltage autobalance mechanism are analyzed in Section III.
Besides, the circuit characteristics of the proposed converter are
specified in Section I'V. The performance of the presented con-
verter is verified by the simulation and experimental results from
the built 2-kW prototype in Section V. The main contributions
of this paper are summarized in the last section.

II. DERIVATION LAW OF MODULAR MULTILEVEL CONVERTERS

The derivation process of the proposed modular multilevel
dc/dc converters is discussed in this section. It is well known
that the neutral-point-clamped (NPC) converters and flying
capacitor-based converters are the major multilevel topologies
for the high-voltage and high-power applications [25]. For the
conventional NPC converters with pulse width modulation con-
trol, the abnormal operation condition, such as the mismatch in
the gate signals, may cause the voltage imbalance of the input
capacitors. Therefore, the converter reliability is impacted. Fur-
thermore, the phase-shift control scheme is not suitable for the
conventional NPC converters, which leads to large switching
losses. Fortunately, by inserting a small flying capacitor parallel
connected with the clamping diodes, the input capacitor voltages
are automatically shared because the flying capacitor can be di-
rectly parallel with the series input capacitors alternatively [26].
More importantly, the phase-shift control strategy can be eas-
ily applied to achieve zero-voltage-switching (ZVS) operation
without adding any other power components. The phase-shift-
controlled three-level dc/dc converter is plotted in Fig. 1(c).
From another point of view, the phase-shift-controlled TLC can
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Fig. 1. Derivation of novel TLC: (a) NPC TLC, (b) flying capacitor-based
TLC, and (c) phase-shift-controlled combined TLC.
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Fig. 2. Derivation of the proposed modular multilevel dc/dc converter:
(a) cascaded full-bridge converter, (b) flying capacitor-based TLC, and (c) pro-
posed modular multilevel dc/dc topology.

be regarded as the combination and integration of the three-level
NPC converter as given in Fig. 1(a) and the three-level flying
capacitor-based circuit as shown in Fig. 1(b), where the input
capacitors and active power switches are reused and shared to
reduce the circuit complexity. As a result, the advantages of
the NPC converter and flying capacitor-based circuit are kept
whereas their inherent disadvantages are effectively avoided.
Many further improvements are made for the combined phase-
shift-controlled TLC by adding some active or passive compo-
nents to extend the soft-switching operation range [26]-[36].
Based on the previously summarized combined multilevel
derivation principle, it is innovative and attractive to consider
the possibility of combination of the other fundamental mul-
tilevel topologies. For example, the cascaded full-bridge con-
verter, or the ISOP full-bridge converter, and the three-level
flying capacitor-based converter are combined and integrated to
derive the advanced modular multilevel dc/dc converters, which
is detailed illustrated in Fig. 2. The time sequence of the leading
leg in the phase-shift-controlled full-bridge converters is kept
constant and only the phase of the lagging leg is shifted to reg-
ulate the output voltage. This indicates that the leading legs of
the cascaded full-bridge converter can be assembled with the
three-level flying capacitor-based converter to achieve the input
voltage autobalance. And the lagging legs of the cascaded full-
bridge converter are still kept unchanged to provide adequate
control freedom to achieve fast and accurate output voltage
regulation. Consequently, for the proposed modular multilevel
dc/dc converters, the big concern of the input-voltage imbal-
ance existed in the ISOP converters is completely overcome due
to the built-in flying capacitor. More importantly, the derived
modular multilevel dc/dc concept can be easily put forward to
N-stage converters by stacking the full-bridge power modules
in series in the primary side to satisfy the growing bus voltage
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Fig. 3. Proposed modular multilevel dc/dc converter with input voltage auto-
balance ability.

in the dc-based distribution and microgrid systems. In view of
the phase-shift-controlled topologies, the aforementioned opti-
mized strategies for the phase-shifted-controlled TLCs can be
directly transferred to the derived modular multilevel dc/dc con-
verters to generate a family of high performance topologies for
the high-voltage and high-power applications. It can be con-
cluded that this modular multilevel converter concept is one of
the general solutions for the high-voltage and high-power dc/dc
topology origination.

III. OPERATION PRINCIPLE AND INPUT VOLTAGE
AUTOBALANCE MECHANISM

For the secondary side of the derived modular multilevel dc/dc
converters, the current-type full-wave rectifier, full-bridge rec-
tifier, current doubler rectifier, and other advanced current-type
rectifiers can be employed. In this section, the widely adopted
current-type full-wave rectifier is applied as an example to ex-
plore the circuit performance of the proposed modular multilevel
configuration, which is illustrated in Fig. 3. In the primary side,
the capacitors C and C5 are used to split the high input voltage,
S11—514 are the power switches of the top full-bridge module,
So1—S54 form the bottom full-bridge module, Cs11 —Co4 are
the parasitic capacitors of the power switches, and L;;1 and L;;9
are the leakage inductors of the transformers 77 and 75, respec-
tively. In the secondary side, D11, Do12, Lf1, and C,; are for
the top full-bridge module and D21, Do22, L2, and Cpo are
for the bottom full—bridge module. ipl s ip27 1Dol11,%Do125 tDo21>
and ip,99 are the primary and secondary currents through the
windings of the transformers with the defined direction in Fig. 3.
And 7,1 and 7,9 are the filter inductors currents.

A. Operation Analysis

The phase-shift control scheme is employed in the proposed
converter to realize the ZVS performance of all the power
switches, where Sii,S13,521, and Se3 are the leading-leg
switches and Sjs, 514,522, and Sy, are the lagging-leg
switches. The key waveforms of the proposed converter are
shown in Fig. 4. For the top full-bridge module, S7; and S;3
act with 0.5 duty cycle complementarily with proper dead time
tq, so as for the switches S1o and S14. The phase-shift angle
between the leading and lagging switch pairs is defined as ;.
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Fig. 4. Key waveforms of the proposed converter.

The gate signal pattern of the bottom full-bridge module is
similar to that of the top full-bridge module with the phase-shift
angle ¢,. Meanwhile, the leading switches pair S;; and S;3
turns ON and OFF simultaneously with the switch pair Sy
and S,3, while the phase-shift angles ¢ and ¢- are decoupled
control freedoms for the output voltage regulation. The mode 0
< (1 —a < t4 is taken into consideration when analyzing the
operation of the converter, and the equivalent operation circuits
are depicted in Fig. 5.

In order to simplify the analysis, the following assumptions
are made: 1) all the power switches and diodes are ideal;
2) the parasitic capacitors Cy11 —Cy94 of the switches have the
same value as Cj; 3) the voltage ripples on the divided input
capacitors C, Cs and flying capacitors C'y are small due to their
large capacitance; 4) the turns ratio of both transformers is N =
ne:ny; and 5) the input voltage is balanced and the autobalance
mechanism will be depicted later. There are 15 operation stages
in one switching period. Due to the symmetrical circuit structure
and operation, only the first eight stages are analyzed as follows.

Stage 1 [ty,t1]: Before t1, the switches Si1,.514, 521, and
So4 are in the turn-on state to deliver the power to the secondary
side. The output diodes D,1; and D,9; are conducted and the
output diodes D,19 and D,99 are reverse biased. The flying
capacitor C is in parallel with the input divided capacitor C
to make Vi equal to Voy. The primary currents 4, and i, are
expressed as follows, which is increased to the peak value at the
end of this stage:

Vin/2 - Nvout
Lij1 + N?Lyy

Mn/2 - N%ut
Ligo + N2Lyo

ip1 () = ip1 (to) + (t—to) )

ip2(t) = ip2(to) + (t —to). 2)
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Fig. 5.
6) [t5—te ], (Stage 7) [ts—t7], and (Stage 8) [t7—ts]

Stage 2 [t1,t2]: At t;, the turn-off signals of the switches
S11 and So; are given. ZVS turn off for these two switches are
achieved due to the capacitors C1; and Cyo1. Cy11 and Cyo
are charged and (513 and Clo3 are discharged by the primary
currents.

Stage 3 [to,t3]: At ty, the voltages of Cy13 and Cio3 reach
0 and the body diodes of S13 and Ss3 are conducted, providing
the ZVS turn-on condition for S13 and S»3. The flying capacitor
C is changed to be in parallel with the input divided capacitor
(. The primary currents are derived by

i (1) = i"”}\(,t) 3)
ipo(t) = 20, @
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Equivalent operation circuits of the proposed converter. (Stage 1) [to—t1 ], (Stage 2) [t1—t21, (Stage 3) [ta—t3], (Stage 4) [t3—t4], (Stage 5) [t4—t5 ], (Stage

Stage 4 [t3,ty]: Atts, S14 turns off with ZVS. Cyq4 is charged
and Cj- is discharged, leading to the forward bias of D,is;
hence, the secondary current 74, circulates freely through both
D,11 and Dy13. 4y is regulated by

ip1 (t) = ip1 (t3) cosw(t — t3) Q)
where
1
Y V2L Cs ©

Stage 5 [ty,t5]: Atty, the turn-off signal of Sy4 comes. ZVS
turn-off performance is achieved for So4. Similar to the previous
time interval, D,s; and D,s, conduct simultaneously, thus
leading to the transformer 7% short-circuit. 4, is regulated by

’ipg (t) = ipg (t4) COS w(t — t4) (7)
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TABLE I
EFFECT OF DIFFERENT FACTORS

Cases Results of unbalanced voltage

Ni>N,; VerrVer
L1k1>L1k2 VCI> VCZ

P1>92 VerVer

where
1
W= ®)

V2L Cy

Stage 6 [t5,t6]: Atts, Csq9 is discharged completely and the
antiparallel diode of Si5 conducts, getting ready for the ZVS
Turn-on of Si2. During this time interval, 4,; declines steeply
duo to half-input voltage across the leakage inductor Lj;1. 71
is given by

Vvin/z
L

Stage 7 [ts,t7]: At tg,i,1 decreases to O and increases re-
versely with the same slope through S15 and S13. Cyo9 is dis-
charged completely and the antiparallel diode of Sz, conducts.
ip2 declines rapidly duo to half-input voltage across the leakage
inductor Ly ip2 is given by

ip1 (t) = ip1(t5) — (t —t5). ©)

. . ‘/in 2
1) = i) — 22

(t—to). (10)

Stage 8 [t7,t3]: At tr,i,o decreases to O and increases re-
versely through Sys and So3. The current through the output
diode D, decreases to 0 and turns off. The output diode D,
turns off after tg, and then a similar operation works in the rest
stages.

B. Input Voltage Autobalance Mechanism

The input voltage imbalance is one of the major drawbacks
for most multilevel converters and ISOP converters, which is
mainly caused by the asymmetry of the component parameter
difference and the mismatch of control signals. It has been car-
ried out that the transformer turns ratio difference (IV), leakage
inductance distinction (L;; ), and phase-shift angle mismatch
() are the main reasons for the input voltage imbalance in the
steady state for the ISOP phase-shift-controlled converters [18].
The effect of these factors is summarized in Table I, which shows
that N1 > Ny or L1 > Lo or 1 > @9 leads to the voltage
Vo1 on the top input capacitor C; higher than the voltage Vi on
the bottom capacitor C5 and vice versa. As the parameter differ-
ence increases, the voltage gap between V1 and V9 increases
correspondingly.

The input voltage autobalance mechanism of the proposed
modular multilevel dc/dc converter is displayed in Fig. 6 and
detailed elaborated as follows. According to the steady oper-
ation of the proposed converter, for the leading-leg switches,

by by
Vi i3 Vi ¢
[ by i To bs

(a) (b)

L
W=,

1
|

Fig. 6. Input voltage autobalance mechanism: (a) Cy in parallel with C and
(b) C¢ in parallel with C5.

the switches S7; and S;; have the same time sequence and the
switches S13 and Ss3 are operated synchronously. When 514
and Sy are turned ON, S;3 and Ss3 are turned OFF accord-
ingly, and the flying capacitor C is connected in parallel with
the top input capacitor C; as plotted in Fig. 6(a). This makes
Ve r equal to V. In the same way, as given in Fig. 6(b), the
flying capacitor C/ is in parallel with the bottom input capaci-
tor Cy, when S73 and Ss3 are in turn-on state. This denotes that
Vey and Vo are the same. The connection of C'y with C; or
(5 alternates with high switching frequency, which leads to the
voltages on both the input capacitors automatically shared and
balanced.

It is important to point out that the flying capacitor does
not connect with the lagging-leg switches directly. As a result,
the operation of C hardly affects the states of the lagging-leg
switches. Then, both the two phase-shift angles ¢ and ¢- can
be taken as control freedoms to regulate the output voltage.

IV. CONVERTER PERFORMANCE ANALYSIS

A. Voltage Stresses of Switches

In the primary side, the voltage stress of the power switches
S11 — Sa4 is half of the input voltage owing to the series struc-
ture and the autobalance mechanism. As a result, the low-
voltage-rated power devices are available in the high input ap-
plications to restrict the conduction losses.

B. ZVS Soft-Switching Condition

1) Leading Legs: ZVS turn-off is achieved for the leading
switches due to their intrinsic capacitors. In order to realize ZVS
turn-on, enough energy is needed to charge and discharge the
intrinsic capacitors. During the dead time interval [t; —t5], S11
and Sy; are turned OFF; Cy1; and Cj9p are charged and Ciy
and (93 are discharged as shown in Fig. 7. According to the
Kirchhoffs law, the following equations are derived:

Y
(12)

iosit ticsi3 = tp1 — oy

10521 T 90523 = Ip2 +icf.

It is reasonable to assume that 7,,; and 4, are nearly constant
during this period due to the short dead time. When the sum
of Vogis and Vigor is not equal to Vi, C'y may be charged
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Fig. 7. ZVS equivalent circuit of leading switches during dead time.

or discharged. The current i¢ s affects the ZVS performance
of the power switches according to (11) and (12): 1) when Cy
is discharged, icy flows in the positive direction as shown in
Fig. 7, and ZVS performance of Sy and S53 is improved but
deteriorated for Si; and Si3; and 2) when CY is charged, ic s
flows reversely, which improves the ZVS performance of S;;
and S;3 but deteriorates that of S»; and S3. Fortunately, C'y is
much larger than C, making i y small. Besides, the output filter
inductance is reflected to the primary side and is in series with
the resonant inductance. The energy of both the filter inductors
and the resonant inductors is sufficient to achieve ZVS for the
leading switches. The output filter inductance is so large enough
that the leading switches can realize ZVS turn-on even at light
loads.

2) Lagging Legs: Similar with the leading switches, the lag-
ging switches are able to realize ZVS turn-off by utilizing their
intrinsic capacitors. However, only the energies of the resonant
inductors are employed to achieve ZVS turn-on for the lagging
switches. In order to accomplish ZVS, the following equation
should be satisfied [31]

1 L\ 1
L (=2 ~ .20,
2lk<N) > 52

As the resonant inductance is quite smaller than the filter
inductance, the achievement of the ZVS turn-on for the lagging
switches is more difficult than the leading switches at light loads.

1.\ 1, ,

C. Duty Cycle Loss

During interval [t3—t7], V151 is negative, and 4, transits
from the positive direction to the negative reflected filter induc-
tance current. The secondary diodes D,;; and D,12 conduct
simultaneously, making the secondary rectified voltage become
0. The duty cycle is lost during this time interval, the expression
of which is derived by [31]:

2(tr —t3) _ 8Lyiln
T, NV,
For the bottom full-bridge module, the duty cycle loss is
similar to the top full-bridge module as given by
2(ts —ts) _ 8Likaloo
T NV
where I,; and I,o are the average output currents of top and
bottom full-bridge modules, respectively.

Dlossl =

(14)

s)

DlossQ =
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TABLE II
SIMULATION RESULTS

C; ‘ Variables E Results
I EEE: oA Va¥) VoY) AVY)
L 10 18:6:6 18:6:6 0 3135 286.5 27
Without © | 1866 | I666 7 0 | 3123 | 2877 | 246
0 | 1866 1866 | 10 | 3158 | 2842 | 316
10 | 1866 | 1666 10 | 3438 | 2562 | 87.6
With 10 | 18:6:6 | 16:6:6 10 300 30 1 0

From the aforementioned analysis, several clear advantages
of the proposed modular multilevel dc/dc converter are obtained,
which are listed as follows:

1) the voltage stresses of all the primary switches are only
half of the input voltage due to the series structure and the
input voltage autobalance mechanism;

2) ZVS soft-switching performance is achieved for all of
the power switches without any extra active or passive
components due to the phase-shift control scheme;
the input voltage autobalance is achieved by the fly-
ing capacitor without any auxiliary circuits or complex
controls;
the modular structure of the proposed converter provides
the possibility of truly modular system with extended V-
stage modules to tackle with higher input voltage.

However, the circulating current at the freewheeling stage is
still existed and the ZVS for the lagging switches is difficult at
light load in the proposed modular multilevel dc/dc converter.
Fortunately, some state-of-the-art improvements for circulating
current suppression and soft-switching range extension can be
directly transferred to the proposed modular multilevel converter
to enhance the circuit performance [26]-[30].

3)

4)

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS
A. Simulation Verification

In order to investigate the influence of the parameter differ-
ence and the control mismatch on the input voltage imbalance,
some simulation results are executed as given in Table II. The
variables are the leakage inductors, transformer turns ratios,
and phase-shift angles. ALj;, = L1 —Ljio, N1 and N, are the
transformer turns ratios of 77 and 75, respectively, and Ap =
(o1 — 2. The input voltage is 600 V, and the results of the voltage
gap (AV = Vi1 — Vioo) are revealed in Table I1. Fig. 8 shows
the simulation waveforms of the last two rows of Table II.

1) Without Flying Capacitor Cy: When ALy, = 10 pH,
Ny = No, Ap = 0°, V1 is 313.5 V, and V5 is 286.5 V. The
voltage difference AV is 27 V. Similarly, when only the trans-
former turns ratios or the phase-shift angles are different to some
degree, the voltage gaps are about 24.6 or 31.6 V. However, if
the three factors work at the same time, the worst voltage differ-
ence can be as large as 87.6 V without any compensation. This
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Fig. 8. Simulation waveforms: (a) input voltage without a flying capacitor and
(b) input voltage with a flying capacitor.
TABLE III
UTILIZED COMPONENTS AND PARAMETERS OF THE TESTED PROTOTYPE
Components Parameters
V:» (Input voltage) 600V
Vou: (Output voltage) 8V
P, (Maximum output power) 2000 W
/s (Switching frequency) 100 kHz
N,;= N, (Turns ratio = ny/n;/n;) 18:6:6
L;; (Resonant inductance of top full-bridge module) 19.7 uH
Ly (Resonant inductance of bottom full-bridge module) 19.8 uH
Ly, (Filter inductance of top full-bridge module) 37.2 uH
Ly, (Filter inductance of bottom full-bridge module) 40.0 uH
', = C, (Input filter capacitors) 440 uF
Cy(Flying capacitor) 4.75 uF
C,; = C,; (Output filter capacitors) 220 uF
S11 ~ 824 (Primary power MOSFETs) IRFP460
D,1~D,;; (Output diodes) MUR3040

indicates that the parameter mismatch may lead to the system
failure if the appropriate control loops are not adopted.

2) With Flying Capacitor Cy: From Table II, when the
three factors work synchronously, the proposed modular
multilevel converter shares the input voltage excellently due
to the built-in input voltage autobalance mechanism. The input
voltage autobalance performance of the proposed converter is
also exhibited in Fig. 8 compared with the converter without
the flying capacitor.

B. Experimental Verification

In order to verify the performance of the proposed converter,
a 2-kW experimental prototype is built and tested. The circuit
parameters are listed in Table III.

It is necessary to explicate the design principle of the flying
capacitor Cy in this experimental prototype. Charge rate and
voltage ripple of the flying capacitor are considered. In order to
complete charge and discharge of the C; during the switching

S RREE R s o e B

.|b

1 '\\.__j |

Experimental result of primary voltage and current.
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Fig. 9.

Vi
(10Vidiv)

. Tus/div

Ay i ..h Aeetdnaded L LY
;’ o b LRies - Vids 14
E RIS | S o oeovidi

Tus/div

(b)

Fig. 10. Experimental result of ZVS operation: (a) ZVS operation for S
and (b) ZVS operation for Sy 4.

period, the following equation should be satisfied:

S5RC <T; (16)

where R is the sum of the resistance of the charge and discharge
circuit loop and C'is the series of C'y with C or Cy. The voltage
ripple of C'y is designed to be limited to 1% in this prototype,
so C should be large enough to meet the voltage ripple re-
quirements. By simulating, the value of the flying capacitor can
be obtained with the tradeoff between the charge rate and the
voltage ripple.

The experimental results of the primary input voltage V151
and the current 4, at full load are shown in Fig. 9. The voltage
waveform is clear without obvious spikes due to the ZVS soft
switching of the power switches. The primary current is smooth
with slight spikes caused by the resonance between the switches
inherent capacitors and the resonant inductance.

The experimental results of the gate signals and the drain—
source voltages of the leading switch S1; and lagging switch
Sh4 are displayed in Fig. 10(a) and (b), respectively. The switch
voltage stress is only 300 V, which is half of the input voltage,
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indicating that the input voltage sharing is achieved. In addition,
ZVS performance for both the leading and lagging switches is
realized, which minimizes the switching losses.

Fig. 11 exhibits the input voltage across C'; and Cy, both of
which are 300 V. It can be seen that the input voltage autobalance
is accomplished excellently.

The measured efficiency of the proposed converter under dif-
ferent loads condition is plotted in Fig. 12. The maximum effi-
ciency reaches 96% and the efficiency is above 94% over a wide
load range.

VI. CONCLUSION

In this paper, a novel phase-shift-controlled modular multi-
level dc/dc converter is proposed and analyzed for the high input
voltage dc-based systems. Due to the inherent flying capacitor,
which connects the input divided capacitors alternatively, the
input voltage is automatically shared and balanced without any
additional power components and control loops. Consequently,
the switch voltage stress is reduced and the circuit reliability
is enhanced. By adopting the phase-shift control scheme, ZVS
soft-switching performance is ensured to reduce the switching
losses. The modular multilevel dc/dc converter concept can be
easily extended to IN-stage converter with stacked full-bridge
modules to satisfy extremely high-voltage applications with
low-voltage-rated power switches.
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