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Quasi-Square-Wave Modulation of Modular
Multilevel High-Frequency DC Converter for
Medium-Voltage DC Distribution Application
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Abstract—In a direct current (dc) distribution network, the mod-
ular multilevel high-frequency dc converter (MDCC) can achieve
electrical isolation, voltage conversion and power transmission be-
tween the low- and medium-voltage dc buses. In this paper, quasi-
square-wave (QSW) modulation, which avoids the dv/dt stress
problem and maintains a high dc voltage utilization, is applied in
MDCC, and the mathematical model of QSW modulation with a
dual-phase-shift (DPS) scheme is established. Based on the model,
the influences of staircase rising and falling process in QSW modu-
lation on MDCC performance, including the power characteristic,
current stress, switching characteristic, and efficiency characteris-
tic, are analyzed. The influences of QSW modulation under DPS
scheme on MDCC performance are also investigated. Moreover, to
achieve a comprehensive optimization of MDCC performance, a
multiobjective optimized control strategy based on QSW modula-
tion under DPS scheme is proposed. Finally, a MDCC prototype
is set up and the experimental results verify the correctness and
effectiveness of the analysis and proposed strategy.

Index Terms—DC distribution network, modular multilevel
high-frequency dc converter, multiobjective optimized dual-phase-
shift (DPS) strategy, quasi-square-wave (QSW) modulation.

I. INTRODUCTION

OMPARED with the alternating current (ac) distribution
C network, the direct current (dc) distribution network can
reduce the use of power converters, thereby decreasing power
consumption and component cost. Besides, the dc distribu-
tion network has higher power conversion efficiency, and its
transmission power quality can be improved effectively [1],
[2]. Moreover, with the development of dc distributed power
sources, energy storage devices, and electrical equipment, the
dc distribution network has considerable potential for appli-
cation [3], [4]. Current studies on the improvement of the dc
distribution network not only focus on low-voltage dc (LVDC)
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distribution network but extends to medium-voltage dc (MVDC)
and high-voltage dc (HVDC) distribution networks [5], [6].

DC/DC converters are crucial to dc distribution networks for
converting voltage and interconnecting links of different volt-
age levels. High-frequency (HF) dc/dc converters are expected
to be the trend in next-generation power conversion because
of their advantages, such as low volume, low cost, lightweight,
low power conversion noise, high efficiency, and high power
density [7]. Among the various topologies of HF dc/dc convert-
ers, the recently emerging modular multilevel dc/dc converter
(M2DC) based on modular multilevel converter (MMC) topol-
ogy on both sides provides a possible solution for MVDC and
HVDC distribution networks [8]-[16]. The single-phase MMC
structure is employed on both sides of M2DC to increase the
voltage level, and its scalable architecture enables a large oper-
ating voltage and power rating by stacking the requisite number
of half-bridge submodules (SMs) in cascade. Meanwhile, re-
dundancy can be implemented by installing additional SMs.
Moreover, dc breakers are unnecessary as its bidirectional fault
blocking feature is similar to a dc circuit breaker, thereby pre-
senting a secure solution for dc grids [15], [16]. However, the
MMC topology of M2DC on the LVDC side has low voltage
utilization and a complicated implementation process. Thus,
M2DC becomes unsuitable for connecting the LVDC distri-
bution network with the MVDC and HVDC distribution net-
works. Moreover, M2DC also has only one high-frequency-link
(HFL) transformer, thereby limiting its power capability and
applications.

Therefore, a modular multilevel HF dc converter (MDCC)
is proposed to connect LVDC distribution network with the
MVDC and HVDC distribution networks [17], as shown in
Fig. 1. Similar to M2DC, a single-phase MMC structure ex-
ists on the MVDC side, and the advantages of MMC structure
are retained. In contrast to M2DC, the LVDC side of MDCC
is composed of full bridges, which are connected in parallel
to increase the current level, and the number of full bridges
changes with the current and power levels in practical applica-
tion. In addition, the HFL transformers in the MDCC are not
integrated transformers as those in M2DC, but are constituted
of several independent HFL transformers in series with lower
voltage and power levels. Therefore, the power capacity of each
single HFL isolated transformer in MDCC will be decreased,
thereby reducing manufacturing difficulty of HFL trans-
former, and altering the power capacity of MDCC effectively
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Fig. 1. Topology of modular multilevel high-frequency-link dc converter.

according to the requirement. Similar architectures of dc/dc con-
verter covering the direct connection and transformer-interfaced
are found in [18], [19]. Different from MDCC, these dc/dc con-
verters realize voltage conversion by varying the magnitude of
SM stack voltage. The direct connection architecture cannot
provide galvanic isolation, and the transformer-interfaced ar-
chitecture cannot achieve the bidirectional power transmission,
which are the requirements of dc distribution application.

Generally, because a square wave (SW) has higher dc voltage
utilization ratio and power transfer capability than a sinusoidal
wave with the same amplitude, the SW modulation is preferred
for HFL modulation in dc/dc converters such as dual-active-
bridge (DAB), M2DC, MDCC, etc. [20], [21]. However, the
SW modulation suffers from dv/dt stress problem because it
produces a destructive dv/dt stress upon transformer insulation,
in which the dc voltage is instantly switched, particularly in the
HVDC system [22]. Trapezoidal and sinusoidal modulations
are applied to alleviate the dv/dt stress on the transformer and
decrease the harmonic content in HFL voltage [23], [24]. Nev-
ertheless, the power transmission capability under trapezoidal
and sinusoidal modulations is smaller than that under SW mod-
ulation [15], [20]. Therefore, the quasi-SW (QSW) modulation,
in which the small phase shift between the adjacent SMs gen-
erates the quasi-square HFL voltages to approximate the SW
modulation, is proposed in [25]. dv/dt of HFL voltages will
be reduced significantly by applying QSW modulation, and the
high dc voltage utilization ratio and power transfer capability
are preserved. However, the staircase rising and falling pro-
cess in HFL voltages makes QSW modulation different from
SW modulation, and the influence of voltage staircase during
the rising and falling process in QSW modulation on converter
performance has not been discussed yet.

When the voltages on two sides of dc/dc converter do not
match, the current stress and circuiting current become large.
This situation leads to larger power loss and lower efficiency,

LVDC Link

Hm

thereby hindering the application of dc/dc converters. The dual-
phase-shift (DPS) scheme, which has been investigated and ap-
plied effectively in DAB converter, has been proven effective in
solving these problems [26], [27]. However, the mathematical
model of QSW modulation under DPS scheme is still absent,
and the influence of QSW modulation under DPS scheme to
dc/dc converter performance has not been investigated yet. In
addition, the DPS scheme in existing literature only optimizes
a single characteristic, such as the current stress, power char-
acteristic, efficiency characteristic or switching characteristic
[28]-[31], and the multiobjective optimization scheme has not
been considered yet.

In this paper, the QSW modulation is applied in MDCC to
reduce the dv/dt stress and maintain the power transfer capa-
bility, and the mathematical model of QSW modulation under
DPS scheme is established. Based on the model, the influences
of voltage staircase during the rising and falling process in QSW
modulation on MDCC performance including power character-
istic, current stress, switching characteristic, and efficiency char-
acteristic are analyzed. Besides, the influences of DPS scheme
under QSW modulation on MDCC performance are also in-
vestigated. Moreover, a multiobjective optimized DPS strategy
is proposed to achieve a multiobjective optimization of power
transfer capacity, current stress, and power loss in MDCC.

II. QUASI-SQUARE-WAVE MODULATION WITH
DUAL-PHASE-SHIFT CONTROL FOR MDCC PERFORMANCE

The topology configuration of MDCC is shown in Fig. 1.
Varv and Viy are the MVCD and LVDC voltages, while Iy
and Ity are the MVCD and LVDC currents, respectively. iy, is
the HFL current. The MMC topology connected to MVCD side
is composed of four arms in a bridge arrangement, and each arm
contains n SMs and inductor L. Each SM comprises a capacitor,
a half-bridge with power switches and diodes. In addition, each
SM generates square voltage v, ;;, and the positive and negative
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voltages in each SM are V. and 0O, respectively. v,1 — Va4
and 7,, — 1,4 are, respectively, the voltages and the currents
of arms in MMC topology. The LVDC side is composed of m
full bridges, which connect in parallel to increase the current
level. vy; — vy, and 431 —ip,, are the voltages and the currents
in full bridges, respectively.

The QSW modulation is employed in MDCC to alleviate
the voltage derivative dv/dt stress on transformers and ensure
higher dc voltage utilization ratio and power transfer capabil-
ity. k = Viy /nrmWVy is defined as voltage conversion ratio,
and the modulation waveforms when £ > 1 under DPS based
on QSW with n = m = 3 are shown in Fig. 2. The modula-
tion waveforms when k& > 1 are discussed, and the modulation
waveforms when k£ < 1 can be analyzed similarly. The SMs in
each arm in MMC topology insert or bypass one by one during
the voltage rising or falling transition, and a modulation time
difference exists between the adjacent SMs. By doing so, the
height of each voltage stair is limited to one SM or full-bridge

O lafafaleleTy2

QSW modulation waveforms under DPS scheme in MDCC: (a) when 0 < Dy = Dy =d < D <land(b)when0 < D < D; =Dy =d < 1.

capacitor voltage, thereby reducing the dv/dt stress. Therefore,
the HFL voltage v, on the MVDC side is a QSW with a voltage
staircase during the voltage transition. A modulation time dif-
ference also occurs between adjacent full bridges on the LVDC
side. Thus, the HFL voltage v, on the LVDC side is also a
QSW with a staircase voltage during voltage rising or falling
transition. The voltage rising and falling times during staircase
transition are equal to reduce control difficulty, and the arms on
the MVDC side and the full bridges on the LVDC side have the
same voltage changing times during staircase transition.

In Fig. 2, v,1, V42, ve3, and v,4 are the arm voltages in
MMC on the MVDC side. vy, vy2, and vy are the equivalent
HFL voltages from full bridges voltages on the LVDC side.
D is the duty ratio of outer phase-shift angle between HFL
voltages. D and D, are the duty ratios of the inner phase-shift
angle on MVDC and LVDC sides, and the control scheme
becomes DPS when Dy = Dy = d. The D, and Dy are the duty
ratios of voltage staircase during rising and falling transitions,
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respectively, and assume that D, = Dy = Dy, T is the
periodic time and 7}, is a half of periodic time where
Ths = Ts/2. The f; is switching frequency. When 0 < d <
D <1, t1 = Dgtair Ths, 12 = dThsvti’) = (d + Dstair) Ths, ta
= DTh,sa ts = (D + Dstair)ThSa tg = (D + d)Thm tr =
(D 4+ d+ Dgtair)Ths, and tg =T5/2. When 0 <D < d <

t/l = Dgtair /Thsa t/2 = DT}, ty = (D + Dstair)ThS7 tfi =
dThs, ts = (d+ Dstair) Ths, ts = (D + d)Ths, t, = (D +d
+ Dstair)Ths, and ¢ = Ty /2. Since the phase differences
between adjacent SMs and adjacent full bridges are small
in QSW modulation, the voltage staircase during rising and
falling process are very similar to oblique lines, especially
in the case of a large number of SMs and full bridges. To
simplify the mathematical analysis and calculation, the voltage
staircase during rising and falling process in QSW modulation
are simplified into oblique lines [32].

A. Transfer Power Characterization

AccordingtoFig.2,when0 < d < D <land0 <D <d <
1, the HFL voltages v, and v, can be described as
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DstairThs MV, ;
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Vary, t € [th, Ts/2]
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The power conversion of MDCC can be viewed as the power
exchange between HFL voltage sources v, and v;, through the
equivalent inductor L, and the average current of inductor over
one switching period should be zero in the steady state. There-
fore, the HFL current 77, can be expressed as

i () — ip (0) = /Ot M(ﬁ.

Substituting (1) and (2) into (3), the HFL current ¢;, in the

3

DZ% t=Vav, te0,t] condition of 0 < d < D < 1 can be described as (4) shown at
valt) = 0, telt o] the bottom of this page.
¢ %(t —dTys), tE€ [ta,t3] The HFL current i, at 0, DgiairThs, dThs, (d+ Dgiair)
VMVa S [t?nTS/Q} Th57DThsa (D+Dstair)Th57 (D+d>Ths; (D+d+Dstair)Ths»
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The average transferred power of MDCC can then be ex-
pressed as follows:

1 Ths
T /O v (1) g (1)

Substituting (1)—(7) into (8), the transferred power of MDCC
can be derived as

P =

®)

VM vngm VLV

7.1
2
x[2D(1—2D)—2d2—%], 0<d<D<1
P = VvvnimVyy
X[QD(ldefD)f%}, 0<D<d<1
9

The normalized transferred power under DPS based on QSW
modulation can be described as

_ P
P=p-
4[2D(1—2D)—2d2 Dl 0<d<D<1
- 4{2D(1—2d D) — T] 0<D<d<1
(10)

where Py is the maximum transferred power with a con-
ventional single-phase-shift (SPS) scheme and Py = Vv
ne mVLv/(S fs L)

From (10), we conclude that the normalized transferred power
can be regulated by the outer phase-shift angle D, the in-
ner phase-shift angle d, and the voltage staircase duty ratio
Dgtair. Compared with the normalized transferred power under
DPS with SW modulation, the expression of normalized trans-
ferred power under DPS with QSW modulation has a similar
structure, and the only difference is the appearance of negative
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and falling process in QSW modulation. Apparently, the neg-
ative term — D2, /6 reduces the total transferred power and
the dc voltage utilization in converter. The curves of normalized
transferred power under the DPS based on QSW modulation
are shown in Fig. 3. The figure shows that with different in-
ner phase-shift anglesin0 < d< D <land0< D <d<1,
the normalized transferred power decreases with the increase
in voltage staircase ratio Dy, Therefore, the voltage stair-
case ratio Dgi,ir in QSW modulation should be a small value
to solve the dv/dt problem and maintain the transferred power
simultaneously.

B. Current Stress Characterization

Fig. 2 depicts that the HFL currents are symmetrical during
a switching cycle. From (5) and (7), the current stress Iy,
in MDCC under the DPS scheme based on QSW modulation
inboth 0 <d<D<1and 0<D <d <1 situation can be
described as

Tnax = max{ig, ()} = [iz (Ths)

_ nemViy (1—

4fsL

|
k) Dgtair + 4D + (2 — 2k)d + k — 1].

(1)

The normalized current stress GG, . under the SPS and DPS
control schemes can be derived as follows:

Imax
Gmax - T]\*
[ 2[(1— k)Dytair +4D +(2—2k)d + k —1], DPS
~ 1 2[(1 = k) Dyair +4D + k — 1], SPS
(12)

where Iy is the current at maximum transmission power Py

term — DStall /6, which is caused by the voltage staircase rising  under the SPS scheme and Iy = Py /Viiy = ne mViy /8 fs L
I7,(0) + 2 [ Kot 4 (1 — K)i], € [0,t]
Ij: (DstairThS) m(t — Dstair Th@) [tll ’ t/2]
I} (DTy5) + M [— o (£ — DTy)? + (14 52—)(t — DTy, € [ty, 3]
! . !yl
0= 1, (dTh.) + WfL(DThs Zat;fhi " YRR E% ﬂ ©
L\@Lhs L 2D, hs Divair hs )l 455
I7(dThs + DytainThs) + 258 k[t — (d+ D, ) Ths]}, € [t5, 1]
I} (AT + DTy 4 ety (MGt Ol (k4 2Dt — (d+ DYTi])., 1 € [t 1]
Iy (dTy + DTy + DagaieThe) + "8V (k — 1)[t — (d + D+ D, )Ti). € [, 7./2]
1, (0) = b Ds [( — 1)D | — 4D + (2k — 2)d + 1 — K]
I} (Dspair Thys) = 2280 Tbe [D i — 4D + (2k — 2)d + 1 — k]
I (DTy,) = 2V lis [ Dy — 2D + (2k — 2)d + 1 — K]
I (dTys) = I}, (DT + DstainThs) = M2 The[(2k — 2)d + 1 — K] -

I/L (dThs + DstairThs) =t

I} (dTys + DTy5)

I/L (dThs + DThs + DbtairT’hs)
I, (Ths)

mViy T
QIB he [sztair -

ne mVLV T},M,
2L

2L

Ve Ts [(1 — k) Dygaiy + 4D + (2 — 2k)d + k — 1]

2d — k + 1]
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Normalized Current Stress
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Fig.4. Normalized current stress under SPS and DPS schemes based on QSW
modulation.

From (12), the normalized current stress Gy,.x can be reg-
ulated by the outer phase-shift angle D, the inner phase-shift
angle d, and the voltage staircase ratio Dsg,i,. The normalized
current stress with varied inner phase-shift angles and voltage
staircase ratios in QSW modulation is presented in Fig. 4. The
figure demonstrates that the normalized current stresses under
DPS are smaller than those under SPS, and the normalized
current stress decreases with the increase in inner phase-shift
angle d. Therefore, the DPS scheme is an effective method to
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(a)

(b)

Fig. 5. Transition from bypass state to insert state for SMs on MVDC side:
(a) iq; > 0, bypassed state; (b) i5; > 0, inserted state; (c) i5; < 0, bypassed
state; and (d) i,; < 0, inserted state.

reduce current stress. Moreover, the normalized current stress
also decreases with the increase of voltage staircase ratio Dy, -
However, the effect of obtaining a small current stress by in-
creasing voltage staircase ratio Dgi,i, 1S less evident than that
by increasing inner phase-shift angle d.

C. Soft-switching Characterization

In MDCC, soft-switching behavior is different between the
SMs on the MVDC side and the full bridges on the LVDC side
1) Soft-Switching for SMs on the MVDC Side: Each SM on
the MVDC side mainly has two switching behaviors: transiting
from bypassed state to inserted state and transiting from inserted
state to bypassed state, as shown in Figs. 5 and 6, respectively.
The figures present that when the SM transits from bypass state
to insert state, SM current 7,,; should flow into SM to guarantee
the zero-voltage turn on of .S;;; and zero-voltage turn off of S ;».
When the SM transits from insert state to bypass state, the SM
current ¢,; should flow out the SM to guarantee the zero-voltage

turn on of S; ;o and zero-voltage turn off of Sj;1.
The currents flowing through the SM in each arm of MMC
are composed of the HFL current 7;, and circulating current 4.,
o = = R (13)

U feip 1 P
i =g =+ =l 4

where P is the transfer power described in (9).

Fig. 2 and the previously presented analysis show that dur-
ing the time interval [0, dT}s 4+ Dstair Ths], Va2 and v,3 are in
voltage rising transition and the SMs in arms ay and ag transit
from bypass state to insert state one by one. Meanwhile, v,
and v,y are in voltage falling transition and SMs in arms a;
and a4 transit from insert state to bypass state one by one. To
realize ZVS for the switches in SMs, the arm currents 7, and
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Fig. 6. Transition from insert state to bypass state for SMs on MVDC side:

(a) in; > 0, inserted state; (b) i,; > 0, bypassed state; (c) i; < 0, inserted state;
and (d) i,; < 0, bypassed state.

144 should flow out from SMs, and the arm currents 7,5 and 7,3
should flow into SMs. Besides, 7, and 7,4 increase, whereas
ino and i,3 decrease during [0, dT)s + DgtairThs]. Therefore,
the following equations can be obtained to realize ZVS for the
switches in SMs:

[al (dT}Ls + Dsta‘irT‘hs) = la4 (dThs + DstairT‘h,s)

_ 11 (dThs+DsainTns) P
B 2 + 2Vnv <0

IaZ(dThs + DstairT'hs) = 1a3 (dThs + DstairT'hs)

_ 11 (dThs+DstairThs) )i
- 2 + 2‘/‘\[\7 Z O.

(14)

Moreover, (14) can be the ZVS condition during [T, , (1 +
d + Dygtair)Ths] because of the symmetry of HFL voltage and
current waveforms. Thus, substituting (5), (7), and (9) into (14),
the ZVS condition for switches in SMs on MVDC side in a
switching period can be expressed as

2
dz\/_%+%sztair+2D+k4;l, 0<d<D<1

2

D2 .
d< 1,{1[) |:_ séa‘r - %Dstair
k=1
+2D(1— D) + kL),

0<D<d<1.
(15)
2) Soft-Switching for Full Bridges on the LVDC Side: Each
full-bridge on the LVDC side mainly has two switching behav-
iors: transiting from vy,; < 0 state to v;; > 0 state, and transiting
from vy; > 0 state to vy; < O state, as shown in Figs. 7 and 8,
respectively. It can be concluded from figures that, when full-
bridge transits from v; < 0to vy; > 0 state, full-bridge current
should be i}; > 0 to guarantee the zero-voltage turn on of S;;
and S;4. When a full-bridge transits from v;; > 0 to v; < 0
state, the full-bridge current should be 7;; < 0 to guarantee the
zero-voltage turn on of S;5 and ;3.
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Fig. 7. Transition from vy,; < 0 to vy,; > 0O state for full bridges on LVDC
side: (a) iq; > 0, vp; < 0, (b) iq; > 0, vp; > 0, () 7q; <0, vp; <0, and
(d) bai < 0, Vpi > 0.
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Fig. 8. Transition from vy; > 0tovy; < 0 state for full bridges on the LVDC

side: (a) ip; > 0, vp; > 0, (b) 4p; > 0, vy <0, (¢) 7p; <0, vp; > 0, and
(d) ip; < 0, vy; < 0.

According to Fig. 2, the currents in full bridges are equal to
the HFL current

W1 = Th2 = U3 = lpa = i, (16)

Fig. 2 also illustrates that the time intervals [DT),5, (D + d +
Dstair)Ths] and [(1 + D)T'hs, (1 +D+d+ Dstair)Ths} are
the voltage rising and falling transitions of vy, respectively. To
realize ZVS for all the switches in full bridges, the current ;
should be greater than 0 during [DT}s, (d + D + Dgtair)Ths)
and less than O during [(1 + D)T}s, (1 +d+ D + Dggair)Ths)-
Given the symmetry of HFL voltage and current waveforms, the
following equations are obtained to realize ZVS for switches in
full bridges:

I (DT;s) > 0. (17)
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Substituting (5) and (7) into (17), the ZVS condition for
switches in full bridges can be derived as

—(1 + k)Dstair + (2k —2)D

~(2k+2)d+1-k>0, 0<d<D<]1 s
—Dytair — 2D + (2k — 2)d
H1-k>0, 0<D<d<L.

Thus, the ZVS condition for switches in full bridges on the
LVDC side in a switching period can be expressed as

d< Bt 0<d<D<L (o
> Duwt2Dikl g p<d<l.

3) Soft-Switching for All Switches in SMs and Full Bridges
From (15) and (19), the ZVS condition for all switches in
SMs and full bridges in a switching period can be derived as

Dl | 1+k k-1
\/*# + 51 Dstair + 2D + 57+

<d< —(1+k)Dsmg];:E22k—2)D+1—k7 0<d<D<1

Dmir;—k{D?—o—kfl <d< 1714D
[- 24 — LDy +2D(1-D)+ 5], 0<D<a<1.
6 9 Mstair 5 | > >0

(20)

From (20), the increase in the voltage staircase ratio Dy, Te-

duces the range of adjustable inner phase-shift angle to achieve

soft-switching for switches. Therefore, the voltage staircase ra-

ti0 Dgiair in QSW modulation should be a small value to avoid
reducing the soft-switching range.

D. Power Loss Characterization

Similar to the HFL dc/dc converter, the power losses in
MDCC are conduction loss Pcon, switching loss Psw and
transformer and auxiliary inductor loss Pra. Thus, the total
power loss P, 0gs in MDCC can be calculated as

Pross = Pcon + Psw + Pra. 2D

1) Conduction Loss: The switches and diodes are assumed
to have the same voltage drop V. The n voltage drops will
always occur in each arm because the arm current in MMC
structure always flow through one switch or diode in each SM.
In addition, the current on the LVDC side will always flow
through 2m switches or diodes. Thus, the average conduction
loss in one switching cycle can be divided into the conduction
loss in SMs on the MVDC side calculated from the average
value of arm currents and the conduction loss in full bridges on
LVDC side calculated from the average value of HFL currents

Pcon = Pcon-sm + PcoN-FB

V T T T
_ DYcEe [/ ialdt—i—/ iQQdH/ iz dt
Te 0 0 0

T, T,
s 2 V s
+/ igadt| + 22 CE/ i dt.
0 TS 0

(22)
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Substituting (13) and (16) into (22), the conduction loss of
MDCC can be derived as

Pcon-sum

nVegn,mVyy
[2D(1—2D)—2d2—%}7 0<d<D<1

nVepnimViy
fsL

2D(1-24-D) - 2], 0<D<d<1
(23)
Pcon-rB
VepnimW
— ORIV (1 — 2d)+ (k + 2kd +8D— 2)] + Dygair
Af.L
21—k
x [(?))Dmn- 4 (2-2k)d— 4D +1— k} }
0<d<D<1 and 0<D<d<1. (24)

From (23) and (24), the normalized conduction losses in
SMs PCON—SM and full bridges PCON—FB for MDCC with
varied inner phase-shift angles and voltage staircase ratios un-
der QSW modulation are shown in Figs. 9 and 10, respectively.
The conduction losses in SMs and full bridges are normal-
ized by Pcon-sm = nVeg ngmWViy/fs L and Pocon-rB =
mVeg ny mViy /4fs L, respectively. The figures present that
inboth) <d<D <1land0 < D < d < 1 situations, the nor-
malized conduction losses in SMs and full bridges under DPS
scheme are smaller than those under SPS scheme and decrease
with the increase of inner phase shift d. The normalized con-
duction losses in SMs and full bridges also decrease with the
increase in voltage staircase ratio Dgg,ir. However, compared
with the reduction in normalized conduction loss obtained by
increasing inner phase-shift angle d, the reduction in normalized
conduction loss realized by increasing voltage staircase ratio
Dgtair 18 less evident, and the reduction obtained by increasing
voltage staircase ratio is more evident on the conduction loss in
full bridges than that in SMs.

2) Switching Loss: As discussed in the extant literature, the
switching loss is smaller than the conduction loss and the trans-
former and auxiliary inductor loss. The switching loss is gen-
erally approximately one-fourth of conduction loss. However,
the switching loss can be reduced effectively by reducing the
switching frequency or using the silicon carbide devices. More-
over, a very small switching loss exists when the soft-switching
behavior is achieved. In that case, the switching loss makes up a
small percentage of the total power loss in dc/dc converter, and
it can be neglected in the simple power loss model [33]. There-
fore, the switching loss is neglected in power loss to simplify
the analysis and calculation in this paper.

3) Transformer and Auxiliary Inductor Loss: The power loss
in the transformer and auxiliary inductor can be divided into
copper loss Pcopp and core loss Poorp. The HFL inductor
current always flows through the auxiliary inductor and the
transformer in the entire switching cycle. The winding resis-
tances of the transformer and auxiliary inductor are assumed as
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constants, and the copper loss Pcopp can be calculated from
the root-mean-square (rms) value of the HFL inductor current
I _1s. To simplify the calculation of core loss, a sinusoidal
current with the rms value of HFL current I _.,,,s is assumed to
be responsible for the core loss Pcorpg in the transformer and
auxiliary inductor. The loss Pry in the transformer and auxiliary
inductor can be calculated as

Prp = Pcoprp + Pcorr

2Cf8/'L(2)N2‘/€>I2
L—rms

- 25)

= <Rtr + Rau +

where Ry, and R,, are the winding resistances of the trans-
former and auxiliary inductor, respectively. Besides, c is the
coefficient, i is the permeability of vacuum, g is the air gap,
N is the turn number, V, is the effective volume, and the rms
value I, _,,s can be derived as

Lt 2
Ir_ms = / a7 (t))°dt.
L e )y (ip(t))

(26)
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Normalized conducting loss in full bridges under QSW modulation: (a) 0 < d <D <land(b)0 <D <d < 1.

Substituting (13) and (15) into (26), the normalized trans-
former and the auxiliary inductor loss of MDCC can be obtained

Pry
(k—1)%(1+2d)(1 — d)* — 4kD?
x (3d + D — 3) + 4k(d — D)?
+ Ds2tair [2(13—7]C)Dstair + (2
2
—2k)d—4D+1—k}
(k—1)2(1 +2d)(1 — d)?
—4kD?*(3d + D — 3)
+ D2 [MDstair + (2

0<d<D<1

)

stair

2
—2k)d—4D+1—k} . 0<D<d<l.
(27

From (27), the normalized transformer and auxiliary induc-
tor loss Pra with varied inner phase-shift angles and staircase
voltage ratios are presented in Fig. 11.Inboth0 < d < D <1
and 0 < D < d < 1 conditions, the normalized transformer and
auxiliary inductor loss under DPS scheme are smaller than that
under SPS scheme and decreases with the increase of inner
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Normalized transformer and
auxiliary inductor loss

Fig. 1.

phase-shift d. Moreover, the normalized transformer and aux-
iliary inductor loss also decreases with the increase of voltage
staircase ratio Dg iy .

4) Overall Power Loss: According to the earlier analysis, since
the switching loss is neglected in simple power loss model in
this paper, the conduction loss and the normalized transformer
and auxiliary inductor loss account for approximately two-thirds
and one-third of the overall power loss in MDCC, respectively.
The normalized overall power loss P;,0gs in MDCC with varied
inner phase-shift angles and staircase voltage ratios is presented
inFig. 12.Inboth0 <d <D <1and 0 < D < d <1 condi-
tions, the overall power loss under DPS scheme is smaller than
that under SPS scheme and decreases with the increase of inner
phase shift d. The overall power loss also decreases with the
increase of voltage staircase ratio Dgiai;.

III. MULTIOBJECTIVE OPTIMIZED MODULATION STRATEGY

According to the preceding analysis, power characteris-
tic, current stress, soft-switching and efficiency character-
istic of MDCC can be optimized by DPS scheme based
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Normalized transformer and auxiliary inductor loss under QSW modulation: (a) 0 <d < D <land(b)0 <D <d < 1.

characteristic, current stress and efficiency characteristic simul-
taneously, an optimized DPS scheme based on QSW modulation
is proposed.

From (12), to achieve the minimum value of normalized cur-
rent stress, a Lagrangian objective function and its constraints
for minimum value solution are derived as

{ L(d, D, %) = Guax(d, D) + A(P(d, D) — Pyy)

dL _ o dL _ o dL _
=015 =0,7 =0

(28)

=0, dDdfair
where A is the function coefficient and Fyy is the specified
normalized transmit power for MDCC.

Substituting (10) and (12) into (28), the constraint solutions
when 0 <d< D <1and 0 <D <d <1 can be derived as
(29) as shown at the bottom of this page.

Similarly, from (22) and (25), to achieve the minimum value
of normalized power loss, a Lagrangian objective function and
its constraints for minimum value solution are derived as

{L(d7D7)‘) = PLoss(dvD) +)‘(P(dvD) - PO)
d

dL dL _ L _ L _ -
an; = 0, a =0, =0, o =0

sttair

on QSW modulation. To obtain the optimization for power (30)
L= 2[(1 — k)Dstair +4D + (2 — Qk)d + k- 1] + )L(4[2D(1 — QD) — 242 — Lzéa"] — PON)
i (1—k)—drd=09k =14+1(1-4D)=00<d<D<1
2
AL = (1 k) — 2ADyai = 0 2 = 42D(1 — 2D) — 2d* — Bapsc] — Py =0
L =2[(1 = k) Dyair + 4D + (2 = 2k)d + k — 1] + A(4[2D(1 — 2d — D) — 2oz — Pyy)
U —(1-k)-4AD=049% =1+1(1-2D)=00<D<d<1 (29)
2
dDd.fm,- = (1= k) = $2Dstair = 0 5% = 4[2D(1 — 2d — D) — D#] —Bn=0
L=[(1—2d)+ (k+2kd+8D —2) + L0 p2 145 4RD(1 - 2D) — 2d* — L] — )
L (1—k)—8dA =04k =14+21(1-4D)=00<d<D<1
THL— = (1~ k) = ADsair = 0 %& = 4[2D(1 — 2D) — 28> — o] — Py =0
L=[(1-2d)+ (k+2kd+8D —2) + 20 D2 145 42D(1 - 2d — D) — B} — pyy)
 —(1-k)-8D=049% =1+1(1-2D)=00<D<d<1 31)
dé]im = (1 —=k) = ADspair =0 % =4[2D(1 —2d — D) — D;ém] — P =0
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Fig. 13.  Optimized modulation scheme for MDCC based on DPS strategy.

Substituting (23), (24), and (27) into (30), the constraint so-
Jutions when 0 < d < D <1and 0 <D <d <1 can be ob-
tained as (31) shown at the bottom of the previous page.

The common solution for (28) and (30) can then be obtained
as follows:

thair
d:{\/D(l—ZD)_ 1 =

1= D+ (B 4 2

Pox
8
),

With normalized transmission power P,,, staircase voltage
ratio Dgt,ir and outer phase-shift D, the optimized inner phase-
shift angle d can be obtained according to (32). With the opti-
mized inner phase-shift angle d, the minimum value of current
stress and the minimum value of power loss in MDCC can be
obtained simultaneously, and the multiobjective optimized DPS
strategy based on QSW modulation can be achieved.

The control block of optimized DPS scheme based on QSW
modulation is shown in Fig. 13. In the scheme, the outer phase-
shift D is regulated by a proportional—integral (PI) controller

to control the required voltage or power transferred by con-
verter, and the inner phase shift d is calculated according to an

3

Dl
R
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Fig. 14.  MDCC prototype in laboratory.

optimized model. The proposed strategy optimizes the current
stress and power loss characteristics simultaneously, thereby
improving MDCC efficiency.

IV. EXPERIMENTAL VERIFICATION

To verify the theoretical analysis and the proposed optimal
modulation strategy, a MDCC prototype is constructed in lab-
oratory, as shown in Fig. 14. The main parameters of exper-
iment are: the MVDC and LVDC voltages are Vjy = 310V
and Vry = 110 — 150V, respectively, the transformer ratio is
ny = 4 : 5,the numbers of SMs and full bridges aren = m = 3,
the arm inductor is Ly = 30 uH, the dc-link capacitance is
Cqa. = 450 pF, and the switching frequency is f; = 20kHz.

The steady-state voltage and current waveforms on the
MVDC and LVDC sides with the proposed strategy are shown
in Fig. 15. The LVDC voltage V1y is 125 V, and the MVDC
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on the LVDC side.

voltage Virv is controlled at the preset 310 V. The HFL voltages
v, and v, are quasi-square waveforms, and the frequencies of
HFL voltages v, and v, and current 7, are all 20 kHz.

The voltages of SMs on the MVDC side and full bridges on
the LVDC side are shown in Fig. 16. According to Fig. 16(a),
the SMs in one arm of MMC structure produce square voltages
Vall, Va12,and v,13 with equivalent amplitude. The positive and
negative voltages of square voltage are V. and 0, respectively,
and the voltage waveforms vary alternately. The phase-shift an-
gle exists between adjacent SM square voltages and forms the
staircase rising and falling process in arm voltage v, . Similarly,
each full-bridge produces square voltages vy1, vp2, and vy3, with
the inner phase-shift angle and voltage waveforms varying al-
ternately, and the phase-shift angle also exists between adjacent
full-bridge voltages. The voltage levels of full-bridge voltages
are — V., 0 and V., and full-bridge voltages directly compose
the HFL multilevel quasi-square voltage v, on the LVDC side,
as shown in Fig. 16(b). The results indicate that, with the modu-
lation strategy, the SMs and full bridges on each side operate in
balance, and MDCC achieves the voltage conversion and power
transmission accurately.
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Voltage waveforms of SMs on the MVDC and full bridges on the LVDC side with QSW modulation: (a) SMs on the MVDC side and (b) full bridges

The steady-state HFL voltage and current waveforms under
DPS scheme with different voltage staircase ratios D, in
QSW modulation are shown in Fig. 17. The figure shows that
under DPS scheme with same inner phase-shift angle, the cur-
rent stress is reduced by increasing the voltage staircase ratio
Dgiair in QSW modulation. Especially, when the voltage stair-
case ratio increases to Dg;,i; = 1, the HFL voltage turns into the
staircase wave modulation, as shown in Fig. 17(c), and current
stress achieves the lowest value. The results also indicate that
the current stress under staircase wave modulation is smaller
than that under QSW modulation.

The steady-state HFL voltage and current waveforms under
SPS scheme, DPS scheme and proposed optimized DPS strat-
egy are shown in Fig. 18. With the same voltage staircase ratio,
the current stress under the DPS scheme is smaller than that
under the SPS scheme, which indicates that current stressis
optimized by applying DPS scheme. The current stress under
the proposed optimized DPS strategy is smaller than that un-
der conventional DPS strategy; thus, the current stress can be
further optimized under the proposed DPS strategy with QSW
modulation.
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Fig. 17.  Steady-state waveforms of v, , v, and i;, under DPS strategy based on QSW modulation with different voltage staircase ratio Dy, (a) with voltage
staircase ratio Dgt,ir = 0.1, (b) with voltage staircase ratio Dy¢,ir = 0.2, and (c) with voltage staircase ratio Dgtair = 1.

| [ 3
1, (500V/div o (SOOVidi ? e
e o S e T I TN o, L e O e | o ks Lo S S
L B it T T [ ol 1 e 1 A CES) . K o B \ ) [ ‘1"-_ \ [ \ \ / L
Vi (S00V/div) Vi (S00V/div) Vi (S00V /div)
P P —n e — — — [— — —_— ~\ ~ ~\ — _— —\ — — —_ p— e — —_ H‘
L ) T O U e O SR 4 UG Y R i, U i e e e G I i (R I R Y I O O Y
iu@ondiv) s L - ‘,"-”f‘-"“""’. - f | R
T (40ps/div) I (40ps/div) 1 (40ps/div)
(a) (b) (c)

Fig. 18.  Steady-state waveforms of v, , vy, and 77, under SPS, DPS, and proposed optimized DPS strategy based on QSW modulation: (a) SPS with d = 0,
(b) conventional DPS with d = 0.15, (c) the proposed DPS with optimized d = 0.12.
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Fig. 19. Experimental current stress values with varied LVDC voltage Uy under the SPS, DPS, and proposed DPS strategy based on QSW modulation: (a)
with different staircase transition angle Dy¢,i, and (b) with different inner phase-shift angle d.

For further verification, the experimental current stress values  lowest value. The results in Fig. 19(b) imply that the current
with varied LVDC voltages, different staircase transition angle stress reduces with the increase of inner phase-shift angle d.
and inner phase-shift angle are presented in Fig. 19. The results Compared with conventional DPS strategy, the proposed opti-
in Fig. 19(a) indicate that the current stress decreases with the mized DPS strategy generates the smallest current stress across
increase of staircase transition angle Dg;,i,. When the voltage the entire range.
staircase ratio increases to Dgt.i; = 1, the HFL voltage becomes With the same transfer power, the experimental values of
staircase wave modulation, and the current stress achieves the MDCC power loss and efficiency with varied LVDC voltages
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(a) power loss and (b) efficiencies.

under the SPS, DPS and proposed DPS strategy are shown in
Fig. 20. When the LVDC voltage Viy = 130V, which indicates
that the voltage conversion ratio M = 1, the MDCC achieves
the lowest power loss and highest efficiency. Once the LVDC
voltage Viy changes and the voltage conversion ratio M #
1, the power loss becomes larger and the efficiency declines
consequently. The power loss in MDCC with DPS scheme is
smaller than that with SPS scheme, and a higher efficiency is
also achieved. In addition, the lower power loss along with
higher efficiency can be obtained when the inner phase-shift d
increases. Moreover, with the proposed optimized DPS strategy,
the lowest power loss and highest efficiency of MDCC can be
achieved across the entire range.

The previously presented experimental results present that the
inner phase-shift angle d and staircase transition angle Dgyaiy
in QSW modulation both affect the transferred power, current
stress and power loss in MDCC, thereby affecting the converter
efficiency. With the proposed optimized DPS strategy based on
QSW modulation, the SMs and full bridges on each side op-
erate in balance, and MDCC realizes the voltage conversion
and power transmission accurately. Compared with the SPS and
conventional DPS, the proposed DPS strategy based on QSW
modulation reduces the current stress and power loss simulta-
neously, and the higher efficiency of MDCC can be achieved.

V. CONCLUSION

In this paper, the QSW modulation is applied in MDCC and
the mathematical model of QSW modulation with DPS scheme
is established. Other HFL phase-shift scheme such as SPS,
EPS, and TPS under QSW modulation can be analyzed sim-
ilarly based on the derived mathematical model, thereby facili-
tating further analysis in HFL characteristics and optimization
of modular multilevel dc/dc converter. The influences of DPS
scheme under QSW modulation on MDCC performance includ-
ing the power characteristic, current stress, switching character-
istic, and efficiency characteristic are investigated based on this
model, which provides a practical reference for the design and
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application of QSW modulation. The following conclusions
are obtained through the analysis and experimental verification.
With the increase in voltage staircase ratio in QSW modulation,
the transferred power decreases, and the range of adjustable
inner phase-shift angle to achieve soft-switching for switches
are also reduced. Therefore, the voltage staircase ratio in QSW
modulation should be small. The current stress and power loss
under DPS are smaller than those under SPS and decreases with
the increase in inner phase shift. Therefore, the DPS scheme is
an effective method to reduce the current stress and power loss.
With the increase in voltage staircase ratio in QSW modula-
tion, the current stress and the power loss also decrease. These
conclusions have a reference value on the application of DPS
scheme under QSW modulation in MDCC and other converters
such as M2DC, DAB based dc/dc converter, etc. Besides, a mul-
tiobjective optimized DPS strategy based on QSW modulation is
proposed in this paper. The transferred power, current stress and
power loss can be optimized simultaneously by achieving the
optimized inner phase-shift angle in DPS scheme, thereby im-
proving the efficiency and extending the applicability of MDCC
and other dc/dc converters. The proposed concept and strategy
can also be applied in other modular multilevel dc/dc converters.

REFERENCES

[1] T. F. Wu, C. H. Chang, L. C. Lin, G. R. Yu, and Y. R. Chang, “DC bus
voltage control with a three-phase bidirectional inverter for dc distribution
systems,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1890-1899,
Apr. 2013.

[2] M. Tabari and A. Yazdani, “Stability of a dc distribution system for power
system integration of plug-in hybrid electric vehicles,” IEEE Trans. Smart
Grid., vol. 5, no. 5, pp. 2564-2573, Sep. 2014.

[3] L.Zhang, K. Sun, Y. Xing, L. Feng, and H. Ge, “A modular grid-connected
photovoltaic generation system based on DC bus,” IEEE Trans. Power
Electron., vol. 26, no. 2, pp. 523-531, Feb. 2011.

[4] H. Liu et al., “Subsynchronous interaction between direct-drive PMSG
based wind farms and weak AC networks,” IEEE Trans. Power Syst.,
vol. 32, no. 6, pp. 4708-4720, Nov. 2017.

[5] Y. Wang, Q. Song, Q. Sun, B. Zhao, J. Li, and W. Liu, “Multilevel MVDC
link strategy of high-frequency-link DC transformer based on switched
capacitor for MVDC power distribution,” IEEE Trans. Ind. Electron.,
vol. 64, no. 4, pp. 28292835, Apr. 2017.



7494

(6]

(71

(8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

Y. Li, L. Luo, C. Rehtanz, D. Yang, S. Ruberg, and F. Liu, “Harmonic
transfer characteristics of a new HVDC system based on an inductive
filtering method,” IEEE Trans. Power Electron., vol. 27, no. 5, pp. 2273—
2283, May 2012.

B. Zhao, Q. Song, W. Liu, and Y. Sun, “Overview of dual-active-bridge
isolated bidirectional DC-DC converter for high-frequency-link power
conversion system,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4091—
4106, Aug. 2014.

J. A. Ferreira, “The multilevel modular DC converter,” IEEE Trans. Power
Electron., vol. 28, no. 10, pp. 4460-4465, Oct. 2013.

S. Kenzelmann, A. Rufer, D. Dujic, F. Canales, and Y. R. de Novaes,
“Isolated DC/DC structure based on modular multilevel converter,” IEEE
Trans. Power Electron., vol. 30, no. 1, pp. 89-98, Jan. 2015.

D. Montesinos-Miracle, M. Massot-Campos, J. Bergas-Jane, S. Galceran-
Arellano, and A. Rufer, “Design and control of a modular multilevel
DC/DC converter for regenerative applications,” IEEE Trans. Power Elec-
tron., vol. 28, no. 8, pp. 3970-3979, Aug. 2013.

T. Luth, M. M. C. Merlin, T. C. Green, F. Hassan, and C. D. Barker, “High-
frequency operation of a DC/AC/DC system for HVDC applications,”
1IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4107-4115, Aug. 2014.
J. Yang, Z. He, H. Pang, and G. Tang, “The hybrid-cascaded DC-DC
converters suitable for HVDC applications,” IEEE Trans. Power Electron.,
vol. 30, no. 10, pp. 5358-5363, Oct. 2015.

Y. Hu, R. Zeng, Cao W., J. Zhang, and S. J. Finney, “Design of a modular,
high step-up ratio DC-DC converter for HVDC applications integrating
offshore wind power,” IEEE Trans. Ind. Electron., vol. 63, no. 4, pp. 2190—
2202, Apr. 2016.

Z.Zhang, Z. Ouyang, O. C. Thomesen, and M. A. E. Andersen, “Analysis
and design of a bidirectional isolated DC-DC converter for fuel cells and
super capacitors hybrid system,” IEEE Trans. Power Electron., vol. 27,
no. 2, pp. 848-859, Feb. 2012.

B. Zhao, Q. Song, J. Li, Y. Wang, and W. Liu, “High-frequency-link mod-
ulation methodology of DC-DC transformer based on modular multilevel
converter for HVDC application: Comprehensive analysis and experimen-
tal verification,” IEEE Trans. Power Electron., vol. 32, no. 5, pp. 3413—
13424, May 2017.

S. P. Engel, M. Stieneker, N. Soltau, S. Rabiee, H. Stagge, and R. W.
De Doncker, “Comparison of the modular multilevel DC converter and
the dual-active bridge converter for power conversion in HVDC and
MVDC grids,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 124-137,
Jan. 2015.

B. Zhao, Q. Song, J. Li, Y. Wang, and W. Liu, “Modular multilevel high-
frequency-link DC transformer based on dual active phase-shift princi-
ple for medium-voltage DC power distribution application,” IEEE Trans.
Power Electron., vol. 32, no. 3, pp. 1779-1791, Mar. 2017.

T. Luith, M. Merlin, and T. Green, “A DC/DC converter suitable for HVDC
applications with large step-ratios,” in Proc. 2014 IEEE Energy Convers.
Congr. Expo., 2014, pp. 5331-5338.

T. Lith, M. M. C. Merlin, and T. C. Green, “Modular multilevel DC/DC
converter architectures for HVDC taps,” in Proc. 2014 16th Eur. Conf.
Power Electron. Appl., 2014, pp. 1-10.

J. Itoh and N. Ohtani, “Square-wave operation for a single-phase-PFC
three-phase motor drive system without a reactor,” IEEE Trans. Ind. Appl.,
vol. 47, no. 2, pp. 805-811, Mar./Apr. 2011.

S. Kenzelmann, A. Rufer, D. Dujic, F. Canales, and Y. R. de Novaes,
“A versatile DC/DC converter based on modular multilevel converter for
energy collection and distribution,” in Proc. IET Conf. Renew. Power
Gener., 2011, pp. 1-6.

1. A. Gowaid, G. P. Adam, A. M. Massoud, S. Ahmed, D. Holliday, and
B. W. Williams, “Modular multilevel structure of a high power dual active
bridge DC transformer with stepped two-level output,” in Proc. 16th Eur.
Conf. Power Electron. Appl., 2014, pp. 1-10.

1. A. Gowaid, G. P. Adam, S. Ahmed, D. Holliday, and B. W. Williams,
“Analysis and design of a modular multilevel converter With trapezoidal
modulation for medium and high voltage DC-DC transformers,” IEEE
Trans. Power Electron., vol. 30, no. 10, pp. 5439-5457, Oct. 2015.

Y. Chen, Y. Cui, Y. Tao, Y. Kang, X. Wei, and X. Wang, “High-
fundamental-frequency modulation for the dc-dc modular multilevel con-
verter (MMC) with low switching frequency and predicted-based voltage
balance strategy,” in Proc. IEEE Conf. Expo Transp. Electrific. Asia-Pac.,
2014, pp. 1-6.

I. A. Gowaid, G. P. Adam, A. M. Massoud, S. Ahmed, D. Holliday, and B.
W. Williams, “Quasi two-level operation of modular multilevel converter
for use in a high-power DC transformer with DC fault isolation capability.”
IEEE Trans. Power Electron., vol. 30, no. 1, pp. 108-123, Jan. 2015.

[26] H.Baiand C. Mi, “Eliminate reactive power and increase system efficiency
of isolated bidirectional dual-active-bridge DC-DC converters using novel
dual-phase-shift control,” IEEE Trans. Power Electron., vol. 23, no. 6,
pp- 2905-2914, Jun. 2008.

[27] H. Bai, Z. Nie, and C. Mi, “Experimental comparison of traditional
phase-shift, dual-phase-shift, and model-based control of isolated bidirec-
tional DC-DC converters,” IEEE Trans. Power Electron., vol. 25, no. 6,
pp. 1444-1449, Jun. 2010.

[28] B.Zhao, Q. Song, W. Liu, and W. Sun, “Current-stress-optimized switch-
ing strategy of isolated bidirectional DC-DC converter with dual-phase-
shift control,” IEEE Trans. Ind. Electron., vol. 60, no. 10, pp. 4458-4467,
Oct. 2013.

[29] W. Choi, K.-M. Rho, and B.-H. Cho, “Fundamental duty modulation
of dual-active-bridge converter for wide-range operation,” /EEE Trans.
Power Electron., vol. 31, no. 6, pp. 4048-4064, Jun. 2016.

[30] F. Krismer and J. W. Kolar, “Efficiency-optimized high-current dual ac-
tive bridge converter for automotive applications,” IEEE Trans. Power
Electron., vol. 59, no. 7, pp. 2745-2760, Jul. 2012.

[31] J. Riedel, D. G. Holmes, B. P. McGrath, and C. Teixeira, “ZVS soft
switching boundaries for dual active bridge DC-DC converters using
frequency domain analysis,” IEEE Trans. Power Electron., vol. 32, no. 4,
pp. 3166-3179, Apr. 2017.

[32] Z.Xing, X. Ruan, H. You, X. Yang, D. Yao, and C. Yuan, “Soft-switching
operation of isolated modular DC/DC converters for application in HVDC
grids,” IEEE Trans. Power Electron., vol. 31, no. 4, pp. 2753-2766,
Apr. 2016.

[33] B.Zhao, Q. Song, and W. Liu, “Efficiency characterization and optimiza-
tion of isolated bidirectional DC-DC converter based on dual-phase-shift
control for DC distribution application,” IEEE Trans. Power Electron.,
vol. 28, no. 4, pp. 1711-1727, Apr. 2013.

Yu Wang was born in Guangdong, China, in 1984.
He received the B.S. degree in electronic engineer-
ing from Nanchang Hangkong University, Nanchang,
China, in 2007, the M.S. degree from Guangxi Uni-
versity, Nanning, China, in 2010, and the Ph.D. de-
gree in Power Electronics from South China Univer-
sity of Technology, Guangzhou, China, in 2015.

He is currently a Postdoctoral Researcher with the
Department of Electrical Engineering, Tsinghua Uni-
versity, Beijing, China. His current research interests
include bidirectional high-frequency dc—dc converter
and flexible dc transmission and distribution system.

Qiang Song (M’ 14) was born in Changchun, China,
in 1975. He received the B.S. and Ph.D. degrees from
the Department of Electrical Engineering, Tsinghua
University, Beijing, China, in 1998 and 2003,
respectively.

He is currently an Associate Professor with the De-
partment of Electrical Engineering, Tsinghua Univer-
sity. His current research interests include high-power
electronic interfaces for utility systems, flexible ac
transmission systems, and motor drives.

Biao Zhao (S’11-M’14) was born in Hubei, China,
in 1987. He received the B.S. degree from the Depart-
ment of Electrical Engineering, Dalian University of
Technology, Dalian, China, in 2009, and the Ph.D.
degree from the Department of Electrical Engineer-
ing, Tsinghua University, Beijing, China, in 2014.
Since 2014, he has been a Postdoctoral Researcher
for two years in the Department of Electrical En-
gineering, Tsinghua University, Beijing, China, and
>4 one year in the Center for Power Electronics Systems,
Virginia Tech, Blacksburg, USA. He is currently an
Assistant Professor with the Department of Electrical Engineering, Tsinghua
University. His current research interests include the bidirectional dc-dc con-
verter, high-frequency-link power conversion systems, and flexible dc transmis-
sion and distribution systems.
Dr. Zhao is a member of the IEEE Power Electronics Society, the Industrial
Electronics Society, and the Chinese Society for Electrical Engineering.



WANG et al.: QSW MODULATION OF MODULAR MULTILEVEL HF DC CONVERTER FOR MEDIUM-VOLTAGE DC DISTRIBUTION APPLICATION 7495

Jianguo Li was born in Hebei, China, in 1975. He
received the B.S. degree from the Department of Elec-
trical Engineering, North China Electric Power Uni-
versity, Baoding, China, in 1997, the M.S. degree
from the Department of Electrical Engineering, Ts-
inghua University, Beijing, China, in 2005, and the
Ph.D. degree in electrical engineering from North
China Electric Power University, Beijing, in 2017.

He is currently with Tsinghua University. His
current research interests include bidirectional dc—
dc converters, high-frequency-link power conversion
systems, and flexible dc transmission and distribution systems.

Qianhao Sun was born in Shanxi, China, in 1993.
He received the B.S. degree from the Department
of Electrical Engineering, Northeast Electric Power
University, Jilin, China, in 2014, and the M..S. degree
in 2017 from the Department of Electrical Engineer-
ing, Tsinghua University, Beijing, China, where he is
currently working toward the Ph.D. degree in electri-
cal engineering.

His current research interests include high-
frequency dc—dc converters and flexible dc transmis-
sion and distribution systems.

Wenhua Liu was born in Hunan, China, in 1968.
He received the B.S., M.S., and Ph.D. degrees from
the Department of Electrical Engineering, Tsinghua
University, Beijing, China, in 1988, 1993, and 1996,
respectively.

He is currently a Professor with the Department of
Electrical Engineering, Tsinghua University. His cur-
rent research interests include high-power electronic
and flexible ac transmission systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


