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Abstract—High-voltage dc/dc converters play an important role
in HVDC grids. Isolated modular dc/dc converters (IMDCCs)
based on modular multilevel converter technology provide a good
solution to high-voltage applications. In order to reduce the size
of the system, the IMDCC is required to be operated with a high
ac-link frequency, but this will lead to increased switching loss
and thus degraded efficiency. This paper proposes a soft-switching
operation scheme for such an IMDCC. In this scheme, a quasi-
square-wave (QSW) modulation method is employed, where the
chain-links generate quasi-square terminal voltages with reduced
dv/dt. With such chain-link terminal voltages, the arm currents
which provide good condition for the soft-switching operation of
the QSW-IMDCC can be obtained. Since soft switching can be
achieved for the power switches, the proposed scheme will suffer
less switching loss, thus improving the efficiency of the converter.
Moreover, a capacitor voltage-balancing control strategy is pro-
posed. This strategy does not need any arm current sensors, thus
reducing the cost. The proposed soft-switching operation scheme
and capacitor voltage-balancing control strategy are verified by
the simulation results.

Index Terms—DC/DC converter, high-voltage direct cur-
rent (HVDC) grid, modular multilevel converter (MMC), soft
Switching.

1. INTRODUCTION

IGH-VOLTAGE direct current (HVDC) power transmis-
H sion has been rapidly developing in recent years since it
is economical for long-distance bulky-power transmission and
capable of asynchronous interconnections [1], [2]. At present,
most of the existing HVDC projects employed point-to-point
configuration which is relatively simple and mature in tech-
nique. HVDC grids integrating multiple HVDC lines [3]-[6]
have the advantages of higher control flexibility, higher security,
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and lower capital and operating costs [6]; thus, they are suitable
for collecting power from remote or offshore generation sources,
supplying power to urban load centers, and facilitating power
exchange and trading between regions and power systems [3],
[4].

When HVDC grids with different voltage levels are to be
interconnected or the existing two-terminal HVDC lines are to
be connected to HVDC grids, dc/dc converters are a necessity to
match the voltages and exchange power. Additionally, if remote
low-voltage dc sources are to be integrated into HVDC grids
or urban dc loads are to extract power from HVDC lines, dc/dc
converters are also required.

There are various topologies for dc/dc converters, and they
have been widely applied in dc/dc power conversions with low
voltage levels. The basic dc/dc converters (buck, boost, and
buck—boost) and their isolated versions have simple configu-
ration and are easy to control [7]. However, when these dc/dc
converters are used in HVDC applications, many power switches
have to be connected in series to sustain the high voltage, thus
suffering unequal voltage distribution among the switches un-
der transient and steady-state operations [8]. Furthermore, the
extremely high voltage change rate dv/dt may cause destructive
damage to the transformer or inductor which has considerable
interturn capacitance in HVDC applications. The dual-active
bridge (DAB) dc/dc converter [9]-[11] allows bidirectional
power conversion and incorporates inherent soft-switching fea-
ture, which can be applied in HVDC grids potentially. However,
just like the isolated versions of the basic dc/dc converters, the
DAB will also encounter the problems of voltage unbalance
among the series-connected power switches and very high dv/dt
acting on the transformer.

The recently emerging modular multilevel converter (MMC)
technology [12]-[17] provides a possible solution to building
dc/dc converters for high-voltage applications since the series-
connected submodules in MMCs can lower the voltage stresses
of individual switches. If two MMCs are connected front to
front sharing a common ac link, they can operate as a bidi-
rectional dc/dc converter which has the ability of interrupting
the power flow under fault condition without using a circuit
breaker [18]-[21]. Fig. 1(a) shows the single-phase topology of
such dc/dc conversion system, where half-bridge submodules
(HBSMs) shown in Fig. 1(b) are adopted. The HBSM has two
working states in normal operation. When 77 is ON and 75 is
OFF, the HBSM is in inserted state and the terminal voltage of
the HBSM vy, is equal to the energy-storage capacitor voltage
vosm- And when T is OFF and 15 is ON, the HBSM is in
bypassed state and vy, is equal to zero. The series-connected
HBSMs in each arm are usually called a chain-link. This dc/dc
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Fig. 1. IMDCC. (a) Main circuit. (b) Structure of the HBSM.

converter is called isolated modular dc/dc converter IMDCC)
hereinafter.

Basically, the ac-link voltages can be sinusoidal voltages
synthesized by staircase waveforms approximately [18], [19].
However, since a square wave features a higher dc voltage uti-
lization ratio and a stronger power transfer capability than the
sinusoidal one with the same amplitude [22], it is more attractive
to employ square-wave ac-link voltages in the IMDCC. By doing
s0, the arm currents can be reduced. Such square-wave scheme
is applied in [20], but the high dv/dt at the rising and falling
edges of the ac-link voltages will bring the problems mentioned
earlier when applied in HVDC grids. To avoid this problem,
a quasi-two-level (Q2L) operation scheme for the IMDCC is
proposed in [21], where the converter generates quasi-square
ac-link voltages with staircase rising and falling transitions of
controllable time duration. With such arrangement, the dv/dt
of the ac-link voltages is reduced. In the Q2L-IMDCC, each
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side of the ac link operates more like a two-level voltage-source
converter than a traditional MMC [12]-[17], [23], [24]. Except
for the voltage changing transitions, the chain-link functions
like a single switch. When all the HBSMs in the chain-link are
in bypassed state, the terminal voltage of the chain-link equals
zero, and the chain-link functions like a turned-on switch with
the transformer current flowing through it. When all the HB-
SMs in the chain-link are in inserted state, the terminal voltage
of the chain-link equals the corresponding dc-side voltage, and
the chain-link functions like a turned-off switch with no current
flowing through it.

In order to reduce the size of the energy-storage capacitors,
the transformer, and the inductors in the IMDCC, it is preferred
to increase the frequency of the quasi-square ac-link voltages.
This needs to increase the switching frequency of the power
switches, however, leading to increased switching loss and thus
degraded efficiency. Soft switching is a good solution to this
problem, but its application to the IMDCC has not been studied
by the literature so far.

This paper proposes a soft-switching operation scheme for
the IMDCC with a high ac-link frequency. In this scheme,
a quasi-square-wave (QSW) modulation method is employed.
The QSW-IMDCC generates quasi-square chain-link terminal
voltages with reduced dv/dt, which have similar waveforms but
controllable high- and low-level values compared to the Q2L-
IMDCC. Besides, in the QSW-IMDCC, each of the two arms
in the same phase will conduct half of the transformer current,
and each arm current will contain a circulating component. With
such arm currents, soft switching can be achieved for the power
switches, so the QSW-IMDCC can suffer less switching loss.
Furthermore, the QSW-IMDCC does not need any arm current
sensors in the capacitor voltage-balancing control, thus reducing
the cost.

This paper is organized as follows. Section II presents the
QSW modulation method. Section III explains the power char-
acteristics of the QSW-IMDCC. Section IV describes the soft-
switching operation of the IMDCC. Section V introduces the
proposed capacitor voltage-balancing control strategy. Section
VI shows the simulation results. Section VII summarizes the
main findings.

II. QSW MODULATION METHOD

Before the analysis, some assumptions are made to simplify
the discussion and facilitate an easy understanding of the il-
lustration. The HBSM shown in Fig. 1(b) is comprised of two
semiconductor switches 77 and 75 with the antiparallel diodes
D, and D, and an energy-storage capacitor Cj,, . The value of
Csn, 1s usually large enough, so the ripple of the capacitor volt-
age vos;, can be ignored. In normal operation, the sum of the
capacitor voltages in the HBSMs is approximately equal to V.1
(or Vjc2), and these capacitor voltages are well balanced. Thus,
Vic1-side (or Vg.o-side) submodule capacitor voltage, v sm1
(or vcsma), is approximately equal to Vi.; /Ny (or Viea /No),
where N, and N, are the numbers of the HBSMs in each arm at
Vie1 and Vjeo side, respectively.
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Fig. 2. Modulation waveform of v,,; in the QSW-IMDCC.

A. OSW Modulation Waveforms

The modulation waveforms are the ideal terminal voltage
waveforms we want the chain-links to output. In this paper, a
QSW modulation method is employed by the IMDCC. We can
take the chain-link in V{.;-side upper arm as an example to
illustrate this modulation method.

The modulation waveform of the chain-link terminal voltage
vy1 in the QSW-IMDCC is shown in Fig. 2. Similar to the Q2L-
IMDCC, v,,; employs voltage changing transitions to reduce the
dvldt. v,; 1s a QSW with its voltage rising and falling transitions
intentionally arranged to be staircase shaped. During the voltage
rising (or falling) transition of v,,;, the HBSMs are inserted (or
bypassed) one by one. By doing so, the height of each stair is
limited to one submodule capacitor voltage, thus reducing the
avldt of v,;.

The modulation waveforms of the other chain-link terminal
voltages are generated in a similar way to v,;. As a result,
similar to the traditional MMC, the chain-link terminal voltages
vy1 and vy; (or v,s and vy9) in the QSW-IMDCC will contain
an identical dc component Vg1 /2 (or Vi.2/2) but an inverse ac
component, that is

Uuj Vacj + L;LJ .
w2 =12 ()
o dej
Vij = Vacj + 9

where v,.1 (Or v,.2) represents the ac component which is sym-
metrical in the positive and negative half-cycles. Since the max-
imum value of v, and v} (or v, and v;9) will not exceed V.1
(or Vige2), then according to (1), the amplitude of v,.; (Or v,c2),
Vaet, mp (0F Vica, mp), must be smaller than or equal to Vi /2
(or Vch/Q)a ie., ‘/;,Cla mp < V;lcl/2 (or ‘/ac2u mp < VZicQ/z)-

As mentioned in Section I, the high- and low-level values
of v, in the Q2L-IMDCC are Vy.; and O, respectively. In
the QSW-IMDCC, however, the high-level value of v,; can be
controlled to be equal to or lower than V.1, while the low-level
value of v,; can be controlled to be equal to or higher than
0. It can be seen later that the controllability of the high- and
low-level values of the chain-link terminal voltages provides
additional degrees of freedom in the power flow control of the
QSW-IMDCC.
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As shown in Fig. 2, Vi1, and V1, are the high- and
low-level values of v,;, respectively. As mentioned earlier,
the capacitor voltage of Vj.;-side HBSM is approximately
equal to Vi.1 /Ny, so when v,; equals chl“gh, the num-
ber of the HBSMs working in inserted state is Ny, =
Vertyien /(Vae1 /N1) while the number of the HBSMs work-
ing in bypassed state is N1, = Ve, /(Vae1 /N1 ). Accord-
ing to (1), we have chllh;gh = ‘/;cl,me + ‘/;101/2 and chlll(,w =
—Vacl,mp + ‘/(1(‘,1/27 SO ‘/aclump = (chllh;gh - V;:lllw )/2 =

(Nettyi, — Neny,,, )/N1 - Vaer /2. Define that 1y = (Neja,,, —
Neit,,, )/Ni, then we have
Ve
V;Lcl,amp = )Ll : 12L1 . (2)

Whether N, is even or odd makes little difference to the analy-
sis, so an even N is taken as an example. It can be analyzed from
Fig. 2 that when Ny is even, A1 € {0,2/Ny,4/Ny, ..., (N7 —
2)/Ny,1}. Equation (2) indicates that A, is the ratio of the am-
plitude of v,.; to half of Vj.;-side dc voltage, thus representing
Viac1-side dc voltage utilization ratio. A larger A; leads to a
higher Vj.;-side dc voltage utilization ratio, thus smaller arm
currents. A; is called Vg q-side voltage amplitude ratio here-
inafter. Likewise, Ay is Vj.o-side voltage amplitude ratio.

In the QSW-IMDCC, the two arm inductors in the same phase
have a large and identical value. Thus, similar to the traditional
MMC, the transformer current (ip,; Or isc.) Will be distributed
evenly in the corresponding upper and lower arms and each
arm current will contain a circulating component in the QSW-
IMDCC. That is, the arm currents 4,; and 4;;(j = 1, 2) can be
expressed as

Z'ul = Zpi + Z-cirl iu? = Zsi + icir?

2 7 2 3)

5 + Teirt iy = *ZSQCC + Zeira

where i.;,1 and 4. are the circulating currents. The ripples of
Teir1 and icio are usually much smaller compared to their dc
components, thus 7.;,; and 7.;,2 can be regarded as dc currents
approximately. With the assumption that the conversion effi-
ciency is 100%, the HBSMs, the inductors and the transformer
will consume no active power, S0 i.;,;1 and ¢.j,2 can be expressed
as

Ipri

i = —

P . P
o leir2 = 57—
‘/dcl ‘/(1(:2

where P is the power transferred by the QSW-IMDCC.

“

leirl =

B. Simplified Equivalent Circuit of the QSW-IMDCC

With such a modulation method, the circuit of the QSW-
IMDCC can be simplified. As shown in Fig. 1(a), Tr is the
galvanic isolation transformer with the primary-to-secondary
winding turns ratio of K, L, is the transformer leakage inductor,
L,qq 1s an additional inductor while L1 and Lg,.,,2 are the
arm inductors. According to (1), the IMDCC shown in Fig. 1(a)
can be simplified into the circuit depicted in Fig. 3(a), where
the dc components in v,; and v;; (or v,9 and v;2) counteract
the corresponding dc voltage V.1 /2 (or Viez/2) and they are
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Fig. 3.

no longer shown in the figure. Merging the two equivalent ac
voltage sources at the same side of the IMDCC into one and
converting the circuit at the secondary side of the transformer to
the primary side, the circuit can be further simplified as Fig. 3(b)
shows, where L. is the total equivalent interconnection induc-
tor referred to the primary side and expressed as

Larml

ch _ 5 + Larm2 )

Ladd + L(T + KQ : (5)

The simplified equivalent circuit shown in Fig. 3(b) is the ba-
sis of the power analysis of the QSW-IMDCC. From Fig. 3(b), it
can be concluded that the power conversion of a QSW-IMDCC
can be viewed as the power exchange between two equivalent
ac voltage sources v,.1 and Kv,.o through L.,. Thus, the char-
acteristics of the transferred power are determined by v,.; and
K Vac2-

C. Voltage and Current Waveforms in the QSW-IMDCC

With the modulation waveforms described earlier, the chain-
links in the QSW-IMDCC can output the desired terminal volt-
ages by properly inserting and bypassing the HBSMs. Then, we
can obtain the ideal voltage and current waveforms shown in
Fig. 4, where the power is transferred from V., to V.o as an
example. In Fig. 4, T,. is the ac-link period, ts;.ir1 1S the du-
ration of the voltage changing transitions of v, 1 and v;1, tstair2
is the duration of the voltage-changing transitions of v, and
Uy2, and t,, is the time by which v,c2 lags v,c1. In general, both
tstair1 and tyeaire are relatively smaller than 7, /2 and t,,. In or-
der to simplify the mathematical analysis, the voltage changing
transitions have been simplified into oblique lines.

III. POWER CHARACTERISTICS OF THE QSW-IMDCC
According to Fig. 3(b), there is
diysi (1)
dt

According to Fig. 4, v,.; and v,¢2 during [0, T,./2] can be
expressed as

Leq = Vacl (t) - Kvac2 (t) . (6)

Vacl (t)
A Vi A Ve
1Vdel t _ 1 dCl7 t E [O,tstairl]
_ tstairl 2 (73)
M Vaer

5 , t e [tstairl ) THC/Q]

Simplified circuits of the QSW-IMDCC. (a) Replace the chain-links with equivalent voltage sources. (b) Simplest circuit referred to the primary side.

A
Vdcl—> .
Venl_nigh ™Y

VVdC1/2—> \
cll_low—p(-

Vclzilow 0 iy
Vdcl/z_’”
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Fig. 4. Ideal voltage and current waveforms in the QSW-IMDCC.
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Vac2 (1)
7)»2‘241027 €[0,t,]
= );jt‘:i;z (t—ty) — . ?CQ’ € Lyt F favan)
)\2‘;vdc2’ te {t + fotai2, TSC}
(7b)

According to the waveform symmetry of v,.; and v, as
shown in Fig. 4, we have

Tac Tac
Vacl (t) = —Vacl (t - > , te |:2;T<Lc:| (88.)

2

T, Tic
Vac2 (t) = —Vac2 (t - 2C> , t€ |:2(5Tac:| . (8b)

According to (6) and (7), the expression of ip,; during [0,
T, /2] can be derived as (9), shown at the bottom of the page,
where M = K V.2 /Viei is the de voltage conversion ratio.

According to the waveform symmetry of 7,,; as shown in
Fig. 4, we have

T, Tic
Z.I)ri (t) = _ipri <t - ;’) , t€ [2(,Tac] .

According to (9) and (10), the expressions of i},,; at ¢t = 0,
Lstair1» b, and t, + fgair2 can be derived as

(10)

‘/dcl T].C
Iri - — — M — Ao M )\tqair
pri (0) 4Leq|: 2(1 o M) + Aitstairt
—ho M (2t, + tstair?)] (11a)
1% T
Ipri (tstail'l) = 4201 |:_ 2C ()\1 - )\QM) + Altstairl
eq

_)\,QM (215(’9 - 2tstairl + tstairZ):| (1 lb)

V:lcl Tac
ri t, -
p ( ® ) 4ch |: 9

(M — Ao M) + A

(2t4,.9 - tstairl) - )‘-2 Mtstair2:| (1 10)

Ipri (ta,o + tstair?)
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Vd(:l Tac
= — — (A — A M A
ALeq 5 (A1 o M) + Ay
(2ta,9 - tstairl + 2tstair2) - )VQMtstairZ .
(11d)

According to Figs. 3(b) and 4, the active power of the QSW-
IMDCC transferred from V.1 to Vgeo can be calculated as

1 Tac
TM \/0 Vacl (t) Zpri (t) dt

According to (7a), (8a), (9), (10), (11), and (12), when setting
tstairl = tstair2 = tstair, the expression of the transferred power
can be derived as

P= (12)

P = A’l)"ZMVdQCl t Tic ¢ _ tgtalr
2TheLeq |7\ 2 ¢ 6
Al Ao ]\4‘/(12 1 D2f
. 2Tet” “del D. 1— D, stair 13
8facLeq v ( W) 6 ( )
where f,. = 1/T,. is the ac-link frequency and
t tstair

D, = —2— Dyiair = . 14
7T /2 T T T2 (1

Then, with the power base P50 = Vd2c1 / (8facLeq), the nor-
malized transferred power P* is expressed as

P D
= JudeM |D, (1 - D,) — st

P = 15)

base

It can be seen from (15) that the expression of the transferred
power of the QSW-IMDCC is similar to that of the DAB dc/dc

Vie A
dl[lﬁulxﬂﬂ4+4ﬂm,

2Leq stairl

Vie

22 - ()‘1 + )LQM) (t - btdlrl) + Iprl ( btdirl) )
. cq
ipri (1) =

Vel [ Ao M

2Leq tstair?

‘/d(:l

Ly

()\1 - AQM) [t - (t,o + tstair?)] + Ipri (ttp + tstair?) 5

S [07 tstairl]

te [tstairl ’ tw]
)

(L= 60 + (a2 M) (1 —m} o (1) €€ [tosty + tune]

te [tw + ts‘rair27 %]



2758

o+
Csm FJI: VCsm

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 4, APRIL 2016

Fig. 6.
conducting, providing zero-voltage turn-on condition for 77 .

(b)

ZVS operation of the switches in an HBSM during the transition from bypassed state to inserted state. (a) Bypassed state. (b) T is turned off. (¢) D1 is

Fig. 7.
conducting, providing zero-voltage turn-on condition for 75 .

converter [9], except for the coefficients A; and A, and the neg-
ative term “—DZ . /6 in the square bracket. The negative term
degrades the power transfer capability of the QSW-IMDCC,
since the voltage changing transitions reduce the dc voltage uti-
lization ratios of the QSWs. Nevertheless, Dy, i usually very
small compared with D, thus the loss of the transferred power
due to the negative term could be ignored. Since M is determined
by the specifications of a designed system, the power transfer
characteristics of the QSW-IMDCC are mainly determined by
A1, A2, and D, . Larger A, and X, lead to larger P* with the
same D, which indicates a higher power transfer capability.
Besides, similar to the DAB dc/dc converter, D, should be no
larger than 0.5 to guarantee a low reactive power.

IV. SOFT-SWITCHING OPERATION OF THE QSW-IMDCC

Actually, the arm currents in the QSW-IMDCC, as shown in
Fig. 4, are suitable for soft-switching operation. Specifically,
zero-voltage-switching (ZVS) can be achieved for the power
switches, thus improving the system efficiency.

A. Requirements of ZVS for the Switches in an HBSM

For the purpose of achieving zero-voltage turn-off for the
power switches, two capacitors are introduced to be connected in
parallel with the two power switches in the HBSM, respectively
[25], [26], as shown in Fig. 5. Note that the parallel capacitors
Cp1 and C) include the intrinsic capacitances of the power
switches T and 73, respectively. The zero-voltage turn-on is

y Dy 1
o—— Csma= VCsm
+ Ism A D> _

T, AT ICpg
o
(b)

ZVS operation of the switches in an HBSM during the transition from inserted state to bypassed state. (a) Inserted state. (b) T is turned off. (c) Dy is

achieved by using the arm current to discharge C,; (or C)2)
before turning 77 (or 75) ON.

Fig. 6(a) shows the HBSM operating in bypassed state, where
the submodule current i, flows through 75. When 75 is turned
off, i, charges C)» and discharges C), as shown in Fig. 6(b).
Since C); and C)» limit the rising rate of the collector-emitter
voltage of 15, T5 is zero-voltage turn-off. When C),; is fully
discharged, diode D, is forced to conduct, clamping the voltage
of T} to be zero, as shown in Fig. 6(c). Thus, 7} can be turned
on with zero voltage. At this moment, the HBSM enters into
inserted state. When the HBSM is operating in bypassed state,
if 75, flows through D,, T5 can be zero-voltage turn-off, but
T is hard turn-on, leading to sharp discharging of C),; through
T1 and severe reverse recovery of Ds. Therefore, it can be
concluded that when the HBSM transits from bypassed state to
inserted state, i, must flow into the HBSM to guarantee the
zero-voltage turn-off of 7, and zero-voltage turn-on of 77.

Fig. 7(a) shows the HBSM operating in inserted state, where
the submodule current 75, flows through 77. When 7} is turned
off, i51, charges €}, and discharges C)», as shown in Fig. 7(b).
Since C),; and C)» limit the rising rate of the collector—emitter
voltage of 17, T} is zero-voltage turn-off. When C),5 is fully
discharged, diode D is forced to conduct, clamping the voltage
of T5 to be zero, as shown in Fig. 7(c). Thus, 75 can be turned
on with zero voltage. At this moment, the HBSM enters into
bypassed state. When the HBSM is operating in inserted state,
if 45, flows through D, T} can be zero-voltage turn-off, but
T5 is hard turn-on, leading to sharp discharging of C,» through
T5 and severe reverse recovery of D;. Therefore, it can be
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concluded that when the HBSM transits from inserted state to
bypassed state, i, must flow out of the HBSM to guarantee
the zero-voltage turn-off of 77 and zero-voltage turn-on of 75.

B. Full ZVS Condition for Each Arm

In order to derive the full-ZVS condition for each arm, V.-
side upper arm is taken as an example. For the convenience of
illustration, the waveforms of the chain-link terminal voltage
vy,1 and the arm current i,; shown in Fig. 3 are redrawn in
Fig. 8. As mentioned in Section II, during the voltage rising
transition [Ty /2, Tac/2 + tstair] Of vy1, the HBSMs in Vg -
side upper arm is inserted one by one. In order to realize ZVS
for all the switches in the HBSMs to be inserted, according to
the previous analysis, the arm current ¢,,; should always flow
into the HBSMs. That is, 4,,; > 0 should be ensured during the
whole transition. As shown in Fig. 8, 7,1 decreases during the
time interval [Ty /2, Tuc /2 + Lstair ], SO it is required that

T,
Iul <2C + tstair) Z 0.

According to (3) and (4), iy1 = tpri/2 + feir1 = fpri/2+
P/Vy1. Then, according to (10), (11b), and (13), we have

(16)

Tac
Iul <2 +tstair) =
Vi T,
del | Lac ()Ll — )\.QM) — Mtstair + Ao M (272,; — tstair)
8Leq
)"I)VQMVEICI Tac tztdlr
e ) (= .
9T Log 2 6
(17
According to (14), (15), (16), and (17), we have
p* S PB,lr ()"17)"27Dstair7D4p) (18)

where Pg, (A1, A2, Dgtair, Dyy) is the power boundary function
and expressed as follows: see (19) shown at the bottom of the
next page.

Inequality (18) is defined as the full-ZVS condition for V.-
side upper arm during the voltage rising transition of v,;. For
given Ay, Az, and Dgqair, When D, and P* of the QSW-IMDCC
satisfy (19), all switches in V{ i -side upper arm are able to
achieve ZVS during the voltage rising transition of v,;. Simi-
larly, the full-ZVS condition for Vj.; -side lower arm during the
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voltage rising transition of v;; can be derived and it is the same
as (19). Consequently, (19) is the full-ZVS condition for both
arms at V. side during the voltage rising transitions.

As mentioned in Section II, during the voltage falling transi-
tion [0, tstair ], the HBSMs are bypassed one by one. According
to the previous analysis, in order to realize ZVS for all the
switches in V{1 -side upper arm, the arm current 7,,; should al-
ways flow out of the HBSMs. Thatis, ¢,,; < 0 should be ensured
during this transition. As shown in Fig. 8, 4,1 increases during
the time interval [0, ts¢ai; |, SO it is required that

Iul (tstair) S O (20)

According to (3) and (4), iy1 = ipsi/2 + feir1 = Gpri/2 +
P/Vje1. Then, according to (11b) and (13), we have

[ul (tstair)

Vie
- 82 1 { (A1 — A2 M) = Aitseair + Ao M
€q
MAa MVyeq Tic

2t, — ts air i| _— |:t 2 ¢
( @ t ) + 2chqu ® 2 ©

t2

stﬁalri| . (21)

According to (14), (15), (20), and (21), we have

P* < Pg_it (A, A2, Dgtair, D)

32 (1= Dy [D, (1-D,)—
- ]- + Dstair - D2

stair

! (22)
2(1— 1) Dy — 20 D2

Inequality (22) is the full-ZVS condition for V{; -side upper
arm during the voltage falling transition of v, ;. Similarly, the
full-ZVS condition for V. -side lower arm during the voltage
falling transition of v;; can be derived and it is the same as (22).
Consequently, (22) is the full-ZVS condition for both arms at
Vi1 side during the voltage falling transitions.

Similarly, the full-ZVS condition for Vg s-side arms during
the voltage rising transitions can be derived as

P* > Pg_oy (A1, A2, Dstair, Dy)
2

— 1—x9) D, —2xyD?
1 Dstalr ( 2) v : ¢

|:1+D5td1f 3 thall‘

2
Dbtdll :|

-[Qg (1-Dy)— = (23)

while the full-ZVS condition for V.o -side arms during the volt-
age falling transitions can be derived as

P* > Pg ot (A1, A2, Dgtair, Dy)

M
=— " 14D+ 2D? 1+4s) D, +2xy D?
1—Dgiair |: + st + 3 stair 2(1422) Dy 4222 D
D2
. [D¢ (1—D¢)—Sém} . (24)
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Fig.9.  Curves of the four boundary functions and a family of P* — D, curves

with M as the parameter, where A1 = A2 = 10/12 and Dg,iy = 0.05.

C. Complete-ZVS Region

According to (19), (22), (23), and (24), the curves of the four
power boundary functions (Pp_1,, Pp_1f, Pp_2r, and Pp_;¢)
with respect to D,, are depicted in Fig. 9 with solid lines, where
A1 = A9 = 10/12 and Dy,.;, = 0.05 as an example. As shown
in Fig. 9, the P* — D, plane is divided into several regions by
the four solid curves. The shaded region, which is surrounded
by Pp_17 and Pp »,, is the complete-ZVS region, where all the
four arms of the QSW-IMDCC can realize full-ZVS.

According to (15), a family of P* — D, curves with dif-
ferent M are depicted in Fig. 9 with dotted lines. For a cer-
tain M, the system operation point moves along the corre-
sponding P* — D,, curve, depending on the required trans-
ferred power. Take M = 0.85 as an example, the intersection
of the P* — D, curve and the border of the complete-ZVS re-
gion is (D _in¢, P, ) while the system operation point on this
P*— D, curve is (D, op, ng). When D, o, > D, _ing (thus
Py, = Py), the system will operate inside the complete-ZVS
region. Thus, it can be concluded that a smaller D, ;,,; will lead
to alarger control range of the output power with complete-ZVS.
As shown in Fig. 9, M greatly affects D, ;. In order to obtain
asmall D, ;,¢, M should be determined in such a way that the
corresponding P* — D, curve goes through the intersection of
Pp,  and Pp,,. This imposes constraints on the design of the
transformer turns ratio K.

According to (22) and (23), it can be verified that when A,
Az, and D, are determined, Pp, s increases with decreasing
Dgtair while Pp,, decreases with decreasing Dgtai,. Therefore,
a smaller Dy, Will lead to a larger complete-ZVS region,
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which will facilitate the soft-switching operation of the QSW-
IMDCC.

In practice, the realization of ZVS for a power switch is
related not only to the switch current direction but also to the
value of its parallel capacitor. For example, the upper switch
T, of the HBSM shown in Fig. 5 has a parallel capacitor C; .
As shown in Fig. 6, after the lower switch 75 is turned off, the
switch current of 7 will discharge C),;. In order to guarantee
the zero-voltage turn-on of 77, it should be satisfied that

Lturnon tdead

Cp1 < (25)

VCsm

where 4iymon 15 the switch current of 77 during the turn-on
process, tdeaq 1S the dead-time between the turn-off of 75 and
the turn-on of 77, and vcs,, is the energy-storage capacitor
voltage. On the other hand, as shown in Fig. 7, if the switch
current flows through 77, then 77 can be zero-voltage turn-off.
In order to guarantee a sufficient zero-voltage turn-off, it should
be satisfied that

Zturnofftturnoff

Cp1 > (26)

VUCsm
where o 1S the switch current of 7 during the turn-off
process and iy 1S the desired time for the collector—emitter
voltage of T} to rise from zero to v¢ s, . The value of the switch
parallel capacitor can be designed based on (25) and (26).

V. CAPACITOR VOLTAGE-BALANCING CONTROL STRATEGY

The capacitor voltages of the HBSMs in each arm should
be well balanced to guarantee a normal operation. A capacitor
voltage-balancing control strategy is proposed in this section to
achieve this goal in the QSW-IMDCC.

The submodule capacitor voltage-balancing control for each
arm of the QSW-IMDCC can be derived in a similar way, so
Vic1-side upper arm can be taken as an example. In normal
operation, the sum of the capacitor voltages of the Ny HBSMs
in this arm are approximately Vj.;. Therefore, as long as the
N capacitor voltages are controlled to be balanced among each
other (i.e., the difference between any two capacitor voltages
is controlled to be within an acceptable range) dynamically,
each capacitor voltage will be limited around Vj.;/N;, thus
achieving the goal.

As mentioned in Section II, ;. -side voltage amplitude ratio
A1 is ranged from O to 1. Fig. 10(a) shows the waveforms of v,1
and i,,; when A1 = 1, where the voltage changing transitions of
vy, are ignored for simplification. During the first half-period
(0, T /2), vy1 = 0, which means that all the N; HBSMs are
bypassed. Thus, the capacitor voltages of these HBSMs remain
unchanged. During the second half-period (7, /2, Tac ), Vu1 =

Pg_1x (M, A2, Dstair, D) 2
21 (1=Dyair) {D (1-D,, )_Ds(t)%m}

"

L+ Dyyair + 5 D

stair

2(142)Dy 420 D2’

+00,

v

Dy < gk |14k — /(1 +11)? = 201 (L+ Duvais + 5 D2,
D‘P

19)

2}\1 14+ x — \/(1 + A1)2 —2M (1 + Dggair + %Dsztair)
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Fig. 10.  Waveforms of v,,1 and i,1, where the voltage-changing transitions
of v, 1 areignored. (a) A; = 1. (b) A} < 1.

Vac1, which means that all the N; HBSMs are inserted. Thus,
the capacitors of these HBSMs will be charged or discharged by
1,1 when 4,7 > 0 or 7,; < 0, respectively. Since the charging
and discharging areas of 4, over [T,./2,T,.] are usually not
equal, the capacitor voltages of these HBSMs will be increased
or decreased over this half-period. As a result, when considering
multiple adjacent periods, these capacitor voltages will be totally
unbalanced. Therefore, in order to ensure the balancing of the
capacitor voltages of these HBSMs, A; should be smaller than
1.

Fig. 10(b) shows the waveforms of v,,; and 7,,; when A; < 1.
According to (3), (4), (9), (11), and (13), the integral of 7,,; over
the first half-period [0, T}, /2] can be calculated as

Toe/2
/ iu1 (1) dt

0

Tac /20504 (1) Lel2TG,5(t) P
_ pri . — pri
- /O [2 Fieint (t)] dt /O [2 o CJ dt

(1+A1)A2Mvdcl Tic
=~ 1y —ty |-
4L 2

27)
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As mentioned in Section III, D, is not larger than 0.5, and
according to (14), t, = D, - T,./2. So t, is no longer than
Tac /4. Thus, according to (27), there is

/2
/ Tul (t) dt > 0.

0

(28)

Similarly, the integral of ¢,; over the second half-period
[Tac/2, ] can be calculated as
~t,).

Toe
e V;lcl Tac
wl (B) dt =~ (A =D AM -t, | —
L/lwﬂl 1 (1) 4Leq (M =1) A M -1, ( >
(29)
Since t,, is not larger than T, /4 and Ay < 1, there is

T,
Tac
/ Tyl (t) dt < 0.
Tac/2

As shown in Fig. 10(b), shortly before ¢t =0, v,; equals
Vertyn = (1 + A1) Ve /2. Since the capacitor voltages of the
HBSMs in this arm are about equal to V.1 /Ny if well bal-
anced, there are (1 4 A;)N; /2 HBSMs operating in inserted
state and (1 — A1)N; /2 HBSMs in bypassed state. At t =0,
vy1 decreases from Viyy,,, to Vigyy, . = (1 — A1) Vae1 /2, which
means A; Ny HBSMs are changed from inserted state to by-
passed state. As a result, during the half-period (0, T} /2), there
are (1 — A1)N1/2 HBSMs in inserted state and (1 + A1) Ny /2
HBSMs in bypassed state. According to (28), over the half-
period (0,T,./2), the charging area of 4,; is larger than the
discharging area, so the capacitor voltages of the (1 — A; )Ny /2
HBSMs which are in the inserted state will have a net increase
over this half-period. Thus, in order to balance the capacitor
voltages, the A; N; HBSMs with the highest voltages among
the (1 4+ A1) Vie1 /2 HBSMs which are in inserted state shortly
before t = 0 should be bypassed at f = 0 to avoid being charged.

As shown in Fig. 10(b), shortly before ¢t = T,./2, v,1 equals
Vertyow = (1 —A1)Vac1/2. Since the capacitor voltages of the
HBSMs in this arm are about equal to Vi1 /Ny if well bal-
anced, there are (1 — A;)N;/2 HBSMs in inserted state and
(1 4+ A1)N;/2 HBSMs in bypassed state. At t = T, /2, v, in-
creases from Veyy,,, to Vogr, o = (1 + A1)Vie1 /2, whichmeans
that A; N; HBSMs are changed from bypassed state to inserted
state. As a result, during the half-period (T, /2, T.), there are
(14 A1)Ny/2 HBSMs in inserted state and (1 — 11)N;/2 HB-
SMs in bypassed state. According to (22), over the half-period
(Tu./2,T,.), the charging area of i,; is smaller than the dis-
charging area, so the capacitor voltages of the (1 + A;)N;/2
HBSMs which are in inserted state will have a net decrease
over this half-period. Thus, in order to balance the capacitor
voltages, the A1 Ny HBSMs with the highest voltages among
the (1 + A1) Vic1 /2 HBSMs which are in bypassed state shortly
before ¢t = T,./2 should be inserted at t = T,./2 for being
charged.

It can be seen from Fig. 10 that within an ac-link period 7},
there are (1 + A1)N; /2 HBSMs whose capacitor voltages will
have a net decrease over the second half-period (T, /2, T,.) but
only (1 — 41 )N; /2 HBSMs whose capacitor voltages will have
anetincrease over the first half-period (0, 7,,./2). Thus, for a cer-
tain HBSM, the possibility to have a net increase in its capacitor

(30)
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voltage over a certain period, &, .1, iS approximately equal to
[(1—=21)N1/2]/Ny = (1 — A1)/2 while the possibility to have
a net decrease over a certain period, {gec1, 1S approximately
equal to [(1+Ay)Ny/2]/Ny = (1 + A1)/2. It is obvious that
&ine1 1s smaller than &qec1 . This indicates that before the capac-
itor voltage of this HBSM gets the opportunity to have a net
increase over a certain period, it will continue to have net de-
creases over Ny erioq1 periods, where Ny eriod1 1S approximately
equal to the ratio of {jec1 O &iner, that is

fdecl 1+ )‘«1
Nperiodl = = .
periodl fincl 1_ )\.1

As a consequence, the capacitor voltage balancing of a cer-
tain HBSM is achieved every (1 4 Njeriod1) ac-link periods.
This means that with the same ac-link frequency, the values
of the submodule capacitors in the proposed capacitor voltage-
balancing control strategy will be a bit larger than those in the
existing strategies [18]—-[20], whose voltage balancing is usually
achieved every ac-link period.

Apparently, the value of A; will affect the capacitor voltage
balancing of the HBSMs in V. -side arms. If properly reducing
the value of X, the value of Njerioq1 Will decrease according
to (31), thus speeding up the capacitor voltage-balancing pro-
cess. By doing so, the value of the HBSM capacitors could be
reduced under the same voltage ripple limitation, thus lowering
the system volume.

The approaches to implement capacitor voltage-balancing
control for the other arms can be derived in the same way.

It is worth noting that the arm current sensors, which are
necessary in the existing capacitor voltage-balancing control
strategies to obtain the direction information of the currents
[19]-[22], [27], [28], are not required in the proposed strategy,
thus reducing the cost.

3D

VI. SIMULATION RESULTS

The IMDCC shown in Fig. 1(a) has been simulated in
MATLAB/Simulink, where the proposed soft-switching op-
eration scheme and capacitor voltage-balancing strategy are
adopted. Table I lists the specifications and parameters of the
main components of the QSW-IMDCC. The power is assumed
to transfer from V., side to V.o side, and the load at V.o side
is a passive load. The voltage closed-loop control for regulating
the output voltage vq.2 is incorporated. vq.2 is measured and
then compared with the reference value Vj.s,,,. The voltage
error is sent to a proportional-integral regulator, producing the
phase shift D, between the corresponding chain-link terminal
voltages v,,1 and vyo (or vy and vp9).

Fig. 11 shows the waveform of vq.9 during the start-up of the
QSW-IMDCC. As seen, vq.2 goes into steady state after about
0.04 s and has an overshoot of 34%. Fig. 12 shows the steady-
state simulation waveforms of the QSW-IMDCC at the rated
power, from which we can see that v,; has a square waveform
expect for the voltage changing transitions which appear to be
oblique lines approximately. Fig. 13 shows the voltage-changing
transitions of v,;. As seen in Fig. 13(a), there are 1, N; = 10
staircases in the voltage rising transition of v,; since the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 4, APRIL 2016

TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value
Rated input dc voltage Viaeln 800 kV
Rated output dc voltage Vican 160 kV
Rated active power Py 320 MW
Vi1 -side submodule number per arm Ny 12
V2 -side submodule number per arm Ny 12
Vi1 -side submodule energy-storage capacitor Comi 0.1 mF
V2 -side submodule energy-storage capacitor Cymo 2.0 mF
Parallel capacitor of V.1 -side switch Cp 4.7 nF
Parallel capacitor of V.5 -side switch Cp2 150 nF

Transformer turns ratio K 5

V41 -side arm inductor Lormi 8 mH
V9 -side arm inductor Layrmo 1.2 mH
The additional inductor plus the leakage inductor Loga + L, 20.5 mH
Rated duty ratio of the shifted phase D,n 0.3
AC-link frequency fac 1 kHz
V.1 -side voltage amplitude ratio A 10/12
Vi 2 -side voltage amplitude ratio Ao 10/12
Voltage-changing transition duty ratio Dgtair 0.05

240 kV
160 kV

o R R B
0 0.02s 0.04 s 0.06s  0.08s

Fig. 11.  Waveform of vq.9 during the start-up of the QSW-IMDCC.

HBSMs are inserted one by one during this transition. v, ; does
not change sharply even at the rising edges because the paral-
lel capacitors of the switches reduce the terminal voltage rising
rate of an HBSM during the transition from bypassed state to in-
serted state. As seen in Fig. 13(b), the voltage falling transition
of v,; appears to be a smooth oblique line and has no staircases
because the arm current 7, is very small during this transition,
which makes the charging and discharging of the switch par-
allel capacitors slow. As a result, the dv/dt of v, is reduced
significantly.

The previous illustration is focused on v,,;. Actually, all the
waveforms in Fig. 12 are in agreement with the corresponding
ideal waveforms which can be drawn based on the parameters
in Table I and the equations in Sections II and III, thus verifying
the theoretical analysis in Sections II and III.

Fig. 14 shows the gate—emitter voltage vg g, collector—emitter
voltage v g, and collector current i i of the lower switch 75 in
the first HBSM in V{1 -side upper arm when the QSW-IMDCC
operates at the rated power. As shown in Table I, D equals 0.3
at this moment. Then, according to Fig. 9, with M =1 and
D, = 0.3, the operation point of the QSW-IMDCC is below
Pp,rand Pp, ¢, which means that the full-ZVS conditions (18)
and (22) are satisfied for 75. Thus, 75 can be zero-voltage turn-
on or turn-off, which has been verified by Fig. 14. As seen from
Fig. 14(a), before T5 is turned on, vc g has fallen to zero and
ic g flows through the antiparallel diode D,. Thus, 75 is zero-
voltage turn-on. As seen from Fig. 14(b), vo g increases with
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Fig. 14. wvgp,vcE, and icp of Ty in the first HBSM in V{1 -side upper
arm at the rated power. (a) Turn-on of 7%. (b) Turn-off of 7.

a reduced rising rate when 75 is turned off, thus achieving a
nearly zero-voltage turn-off.

Fig. 15 shows vg g, vo g, and i¢ g of the same switch 75 when
the QSW-IMDCC operates at half of the rated power. It can be
calculated from (15) that D, is about 0.12 at this moment. Then,
according to Fig. 9, with M = 1 and D, = 0.12, the operation
point of the QSW-IMDCC is below Pg, . butabove Pp, y, which
means that the full-ZV'S condition (18) is satisfied for 75 but (22)
is not. Since 75 is turned off during the voltage rising transitions
and turned on during the voltage falling transitions, it can be
concluded that 75 can be zero-voltage turn-off but cannot be
zero-voltage turn-on, which has been verified by Fig. 15. As seen
from Fig. 15(a), when 75 is turned on, v¢ g is larger than zero.
Thus, 75 is not zero-voltage turn-on. As seen from Fig. 15(b),
vo g rises slowly when T5 is turned off, thus achieving a nearly
zero-voltage turn-off.

In conclusion, the simulation waveforms in Figs. 14 and 15 are
in agreement with the theoretical analysis in Section I'V. Similar
study can be applied to other switches, and the conclusion is the
same.

Fig. 16(a) shows the capacitor voltage waveforms of the 12
HBSMs in V1 -side upper arm. As seen, all the capacitor volt-
ages are well balanced and basically fluctuate within 95-105%
of the reference value (66.7 kV), which proves that the capacitor
voltage-balancing control strategy is effective. Fig. 16(b) shows
the capacitor voltage waveform of one of the HBSMs as an ex-
ample. As seen, before the capacitor voltage has a net increase
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Fig. 15. wvgEg, vcE, and ic g of Ts in the first HBSM in Vj.; -side upper
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Fig. 16.  Capacitor voltage waveforms of the 12 HBSMs in V. -side upper
arm. (a) All of the capacitor voltages. (b) One of the capacitor voltages.

over a certain period, it continues to have net decreases over the
previous ten periods, which approximately verifies (31).

As mentioned in Section I, the IMDCC has dc fault blocking
capability. Fig. 17 shows the waveforms of v,1, vac2, the output
dc current ¢4.9, and the input dc current iq.; when a V.o-side
dc short-circuit fault occurs at t = 0.1 s. Since all the switches
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Fig. 17.  Waveforms of va¢1, Vac2, idc2, and .1 responding to a Vg.o-side
dc short-circuit fault. (a) vac1 and vyce2. (b) 74e. (€) iqet -

in the IMDCC are forced to be turned off when a fault current
(i.e., 1.5 p.u.) is sensed, the HBSMs are rejected from the power
conversion. Thus, the equivalent ac voltage sources v,.; and
Vaeo attenuate to zero after the dc fault as shown in Fig. 17(a).
Since the fault side only absorbs energy, Vi.2-side arm currents
are always positive and flow through the antiparallel diodes of
the lower switches of the HBSMs, clamping the terminal volt-
ages of Vj.o-side chain-links to zero. Thus, v,.o decreases to
zero rapidly. In contrast, V.1 -side arm currents are alternating,
making the parallel capacitors of the HBSM switches oscillate
with the arm inductors, the additional inductor, and the trans-
former leakage inductor. Thus, v,.; oscillates around zero with
a gradually decreasing amplitude.

As seen from Fig. 17(b), the output dc current iq.o rises
sharply when the dc fault occurs, but reduces to zero after only
one ac-link period (1 ms) since all the switches in the IMDCC
are forced to be turned off. Thus, the fault current is successfully
limited before causing more damage. As seen from Fig. 17(c),
the input dc current i4.; does not rise sharply but attenuates
to zero rapidly after the dc fault occurs, which implies that the
fault has been successfully blocked and not propagated from the
fault side to the healthy side.
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VII. CONCLUSION

This paper proposes a soft-switching operation scheme for the
IMDCC with a high ac-link frequency. In this scheme, a QSW
modulation method is employed. The chain-links in the QSW-
IMDCC utilize voltage-changing transitions to reduce the dv/dt
of their terminal voltages. The chain-link terminal voltages are
QSWs with their voltage rising and falling transitions intention-
ally arranged to be staircase shaped. During the voltage rising
(or falling) transition of a chain-link terminal voltage, the HB-
SMs in the corresponding arm are inserted (or bypassed) one by
one. By doing so, the height of each stair is limited to one sub-
module capacitor voltage, thus reducing the dv/dt. Besides, in
the QSW-IMDCC, each of the two arms in the same phase will
conduct half of the transformer current, and each arm current
will also contain a circulating component. With such arm cur-
rents, soft switching can be achieved for the power switches, so
the QSW-IMDCC can suffer less switching loss and thus have a
higher efficiency. Moreover, a capacitor voltage-balancing con-
trol strategy is proposed in Section V. The core of this strategy
is to properly select the HBSMs which are to be inserted or
bypassed during the voltage-changing transitions. It is worth
noting that this strategy does not need any arm current sensors,
thus reducing the cost. Finally, the proposed soft-switching op-
eration scheme and capacitor voltage-balancing control strategy
are verified by the simulation results.

REFERENCES

[1] M. P. Bahrman and B. K. Johnson, “The ABCs of HVDC transmis-
sion technologies,” IEEE Power Energy Mag., vol. 5, no. 2, pp. 3244,
Mar./Apr. 2007.

[2] J. Arrillaga, Y. H. Liu, and N. R. Watson, Flexible Power Transmission:
The HVDC Options. Chichester, U.K.: Wiley, 2007.

[3] D. Jovcic, D. van Hertem, K. Linden, J.-P. Taisne, and W. Grieshaber,
“Feasibility of dc transmission networks,” in Proc. 2nd IEEE PES Int.
Conf. Exhib. Innov. Smart Grid Technol., Manchester, U.K., Dec. 2011,
pp. 1-8.

[4] CIGRE B4-52 Working Group, HVDC Grid Feasibility Study. Paris,
France: Int. Council Large Electr. Syst., Apr. 2013.

[51 D.Jovcic, “Bidirectional, high-power dc transformer,” IEEE Trans. Power
Del., vol. 24, no. 4, pp. 2276-2283, Oct. 2009.

[6] D. Jovcic and B. T. Ooi, “Developing dc transmission networks using dc
transformers,” IEEE Trans. Power Del., vol. 25, no. 4, pp. 2535-2543,
Oct. 2010.

[71 R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. Boston, MA, USA: Kluwer, 2000.

[8] R. Withanage and N. Shammas, “Series connection of insulated gate bipo-
lar transistors (IGBTSs),” IEEE Trans. Power Electron., vol. 27, no. 4,
pp- 2204-2212, Apr. 2012.

[9] M. N. Kheraluwala, R. W. Gascoigne, D. M. Divan, and E. D. Baumann,
“Performance characterization of a high-power dual active bridge dc-to-dc
converter,” IEEE Trans. Ind. Appl., vol. 28, no. 6, pp. 1294-1301, Dec.
1992.

[10] B. Hua and C. Mi, “Eliminate reactive power and increase system effi-
ciency 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, Nov. 2008.

[11] R.T. Naayagi, A. J. Forsyth, and R. Shuttleworth, “Bidirectional control
of a dual active bridge dc—dc converter for aerospace applications,” IET
Power Electron., vol. 5, no. 7, pp. 1104-1118, 2012.

[12] A. Lesnicar and R. Marquardt, “An innovative modular multilevel con-
verter topology suitable for a wide power range,” in Proc. IEEE Bologna
Power Tech Conf., vol. 3, Jun. 2003, pp. 1-6.

[13] A. Lesnicar and R. Marquardt, “A new modular voltage source inverter
topology.” presented at the European Conference on Power Electronics
and Applications, Toulouse, France, 2003.

2765

[14] M. Glinka and R. Marquardt, “A new AC/AC multilevel converter fam-
ily,” IEEE Trans. Ind. Electron., vol. 52, no. 3, pp. 662-669, Jun.
2005.

[15] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, “Oper-
ation, control, and applications of the modular multilevel converter: A
review,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 37-53, Jan.
2015.

[16] M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular mul-
tilevel converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 4-17,
Jan. 2015.

[17] A.Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, “Modular mul-
tilevel converters for HVDC applications: Review on converter cells and
functionalities,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 18-36,
Jan. 2015.

[18] S. Kenzelmann, A. Rufer, M. Vasiladiotis, D. Dujic, F. Canales, and Y.
R. de Novaes, “A versatile dc—dc converter for energy collection and
distribution using the modular multilevel converter,” in Proc. Eur. Conf.
Power Electron. Appl., 2011, pp. 1-10.

[19] 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 applica-
tions,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4107-4115, Aug.
2014.

[20] 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.

[21] 1. 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.

[22] 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.

[23] M. Hagiwara and H. Akagi, “Control and experiment of pulsewidth-
modulated modular multilevel converters,” IEEE Trans. Power Electron.,
vol. 24, no. 7, pp. 1737-1746, Jul. 2009.

[24] K. Ilves, S. Norrga, L. Harnefors, and H.-P. Nee, “On energy storage
requirements in modular multilevel converters,” IEEE Trans. Power Elec-
tron., vol. 29, no. 1, pp. 77-88, Jan. 2014.

[25] X. Ruan and Y. Yan, “Soft-switching techniques for PWM full bridge
converters,” in Proc. IEEE Power Electron. Spec. Conf., 2000, pp. 634—
639.

[26] J. A. Sabate, V. Vlatkovic, R. B. Ridley, F. C. Lee, and B. H. Cho, “De-
sign considerations for high-voltage high-power full-bridge zero-voltage-
switched PWM converter,” in Proc. Appl. Power Electron. Conf. Expo.,
1990, pp. 275-284.

[27] B. Gemmell, J. Dorn, D. Retzmann, and D. Soerangr, “Prospects of mul-
tilevel VSC technologies for power transmission,” in Proc. IEEE/PES
Transmiss. Distrib. Conf. Expo., Apr. 21-24, 2008, pp. 1-16.

[28] S. Rohner, S. Bernet, M. Hiller, and R. Sommer, “Modulation, losses,
and semiconductor requirements of modular multilevel converters,” IEEE
Trans. Ind. Electron., vol. 57, no. 8, pp. 2633-2642, Aug. 2010.

Zhongwei Xing was born in Henan Province, China,
in 1990. He received the B.S. degree in electrical and
electronic engineering from the Huazhong University
of Science and Technology, Wuhan, China, in 2012,
where he is currently working toward the Ph.D. de-
gree.

His current research interests include modular
multilevel converter and dc/dc converter applied in
HVDC grids.



2766

Xinbo Ruan (M’97-SM’02) was born in Hubei
Province, China, in 1970. He received the B.S. and
Ph.D. degrees in electrical engineering from the
Nanjing University of Aeronautics and Astronautics
(NUAA), Nanjing, China, in 1991 and 1996, respec-
tively.

In 1996, he joined the Faculty of Electrical En-
gineering Teaching and Research Division, NUAA,
where he became a Professor in the College of Au-

A tomation Engineering in 2002 and has been engaged
in teaching and research in the field of power elec-
tronics. From August to October 2007, he was a Research Fellow in the De-
partment of Electronic and Information Engineering, Hong Kong Polytechnic
University, Hong Kong, China. Since March 2008, he has been also with the
School of Electrical and Electronic Engineering, Huazhong University of Sci-
ence and Technology, China. He is a Guest Professor with Beijing Jiaotong
University, Beijing, China, Hefei University of Technology, Hefei, China, and
Wuhan University, Wuhan, China. He is the author or coauthor of seven books
and more than 180 technical papers published in journals and conferences. His
main research interests include soft-switching de—dc converters, soft-switching
inverters, power factor correction converters, modeling the converters, power
electronics system integration and renewable energy generation system.

Dr. Ruan received the Delta Scholarship by the Delta Environment and Edu-
cation Fund in 2003 and was a recipient of the Special Appointed Professor of
the Chang Jiang Scholars Program by the Ministry of Education, China, in 2007.
From 2005 to 2013, he served as the Vice President of the China Power Supply
Society, and since 2008, he has been a member of the Technical Committee
on Renewable Energy Systems within the IEEE Industrial Electronics Society.
He has been an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS and the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS ON
POWER ELECTRONICS since 2011 and 2013, respectively. He is a Senior Mem-
ber of the IEEE Power Electronics Society and the IEEE Industrial Electronics
Society.

Hongcheng You was born in Jiangxi Province,
China, in 1992. He received the B.S. degree in wa-
ter conservancy and hydropower engineering and the
M.S. degree in electrical and electronic engineering
from the Huzhong University of Science and Technol-
ogy, Wuhan, China, in 2012 and 2015, respectively.

His current research interests include modular
multilevel converter and dc/dc converter applied in
HVDC grids.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 4, APRIL 2016

Xiaobo Yang was born in 1973, in Hebei, China. He
received the Ph.D. degree in power electronics from
Yanshan University, Qinhuangdao, China, in 2006.

In 2007, he joined ABB Corporate Research, Bei-
jing, China, where he works in power system and
power electronics as a Research Scientist. His cur-
rent research interests include HVDC, FACTS, and
renewable energy integration.

Dawei Yao was born in Jilin, China, in 1984. He
received the master’s degree in electrical power en-
gineering from RWTH, Aachen, Germany, in 2009.

In 2009, he joined ABB Corporate Research, Bei-
jing, China. His current research interests include
electrical power plant balancing, HVDC, battery en-
ergy storage and power electronics.

Chunming Yuan was born in Hebei, China, in 1983.
He received the B.S. and M.S. degrees in power elec-
tronics and power drive from the Hefei University of
Technology, Hefei, China, in 2005 and 2008, respec-
tively.

He focused on research and development of the
first VSC-HVDC project in China, Shanghai Nanhui
flexible HVDC project, in CEPRI from 2008 to 2011.
He has been with ABB Corporate Research Center,
Beijing, China, as a Research Engineer since 2011.
His current research interests include HVDC system

and power conversion topology.




<<
  /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


