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Abstract: Unlike the modular multilevel converter (MMC) topology operated under the rectifier or
inverter modes, control of the balanced state for the submodule (SM) capacitor voltage has emerged
as the key issue for DC-DC MMCs. This is mainly caused by no balanced alternative powers being
used for balancing SM capacitor voltages, which can be absorbed from the input or output DC
sides of the converter. Typically, the alternative voltages and currents should be injected to achieve
SM capacitor voltage balance in the DC-DC MMC. However, this solution is based on the cost of
adopting the bulky LC filter components. For interconnecting different DC voltages in medium-
voltage applications, this paper presents a non-isolated DC-DC MMC equipped with the proposed
middle cells. It is intended to achieve DC voltage conversion without adopting bulky passive LC
filters. On the one hand, the alternative currents, used for balancing the SM capacitor voltages, are
arranged for flowing only within the phase legs of the proposed DC-DC MMC without disturbing
the input current. On the other hand, through appropriate control of the middle cells, compensated
components can be developed to eliminate the undesirable voltages on the output DC side. The
middle cells of the proposed DC-DC MMC are supplied with the function of the active filter, which
enables the DC-DC MMC system to escape the bulky LC components. Through theoretical analysis
and a control strategy, the proposed DC-DC MMC has been analyzed comprehensively. Finally,
the simulation and experimental results are verified to evaluate the effectiveness of the proposed
DC-DC MMC.

Keywords: DC-DC modular multilevel converter (MMC); alternative voltage and current; middle
cells

1. Introduction

In recent years, the increase in global power consumption introduced a huge challenge
to the power grid, especially for the power transmission and distribution system. For high-
voltage alternate current (HVAC) systems, the voltage conversion can be easily performed
between the transmission and distribution systems by using power transformers, which are
being developed based on proven manufacturing technologies. However, the bulk weight
and size for the line frequency transformer are considered crucial problems, especially
for transportation. Moreover, due to the rapid development of semiconductor technology
since the 1970s, the HVAC system offers lower efficiency and greater investment costs
compared with those of the high-voltage direct current (HVDC) system for long-distance
power transmission [1]. Meanwhile, continuous inclusion of renewable sources (especially
from wind farms) increases this tendency. Moreover, compared with the HVAC system,
reactive power compensation equipment is no longer required in medium-voltage direct
current (MVDC) and HVDC systems.

Thus, MVDC and HVDC systems have become promising schemes for power trans-
mission. One of the application fields is offshore wind farms. However, different DC
voltage levels are designed for these wind farms, which are mainly based on different
transmission capacities. Therefore, for the requirements of the DC network interconnection
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and power flow management, medium- and high-voltage DC conversion have shown
significant demand, also serving as DC transformers. Recently, increased interest has been
observed in the topologies of DC transformers [2-8]. The MMC, presented by Lesnicar
and Marquardt R. [9], is considered the preferred topology for MVDC and HVDC sys-
tems. Provided by the modular feature of the MMC system, different DC voltage levels
of power transmission can be achieved by simply cascading the corresponding amounts
of the submodules (SMs). According to the reported literature [10-20], the DC-DC MMCs
were evaluated for their potential implementation in medium transformers. Typically,
the DC-DC MMC equipped with an AC transformer, which can be termed the isolated
DC-DC MMC, has two MMC stages between each side of the medium-frequency trans-
former [10-13]. However, the problem is that each of the MMC stages suffers from a
full power size, resulting in low efficiency and a higher cost. To cope with this issue,
transformer-less MMC-based DC-DC converters were also investigated [14-20]. However,
unlike the DC/AC or AC/DC MMC systems, alternative powers should be introduced
for balancing the SM capacitor voltages of the non-isolated DC-DC MMC. Generally, a
preferred way for providing balanced powers is to inject alternative voltages and currents
into the phase legs. However, this solution introduces undesirable harmonics at the input
and output sides of the DC-DC MMC. Generally, in order to suppress the influence of the
inserted voltages and currents, the bulky passive LC filter components are essential.

To get rid of the bulk capacitor, the two-phase non-isolated DC-DC MMC topology
demonstrates a promising feature for enabling alternative currents to flow only within the
phase legs. However, the undesirable harmonics produced by the balanced alternative
voltages appear at the output side of the DC-DC MMC. Typically, these harmonics can be
suppressed by equipping a bulky and hard-designed coupled inductor [16]. To prevent the
injected alternative current from invading the input DC current, a typical push-pull DC-DC
MMC was presented [17]. However, bulky coupled inductors are still required to suppress
the undesired harmonics caused by the injected alternative voltages at the output DC sides.
A novel double-phase DC/DC MMC topology was proposed to prevent the inserted AC
waveforms from disturbing both DC sides [18]. This was achieved by employing flying
capacitors between the upper and lower arms of the proposed converter for establishing
additional power routes to suppress the influence of the injected voltages on the output side.
Additionally, a multistring one derived from the novel topology in [18] was also proposed
for bipolar operation in high-power applications [19]. However, the high-voltage-based
flying capacitors break the modular nature of the topologies. Based on this issue, a modified
topology of [20] was also presented by replacing the flying capacitors with the cascaded
SMs, which showed promising prospects for enlarging the applied voltage range. However,
a complicated control algorithm and high cost accompany this kind of power converter.
Researchers also investigated the polyphase DC-DC MMC [21]. In these converters, the
sinusoidal alternative currents are controlled to flow within the three phase legs without
disturbing the input current. However, the undesirable harmonics caused by the injected
alternative voltages still need to be suppressed by equipping bulky reactors on the output
side. The literature [22] proposed a stepped two-level control for the polyphase DC-DC
MMC, which mainly focuses on producing a smaller capacitance and smoother circulating
current. However, this solution introduces undesirable rush voltages on the arm reactors,
resulting in higher requirements for the insulation and design of the reactor.

Of all the above-mentioned discussions, this paper presents a double-phase DC-DC
MMC by adopting novel middle cells. As shown in Figure 1, it aims to achieve step-down
DC voltage conversion without equipping the bulky passive LC filter components at the
input and output sides of the DC-DC MMC. In the proposed DC-DC MMC, the alternative
currents are controlled to flow within the double phases without disturbing the input DC
current. Meanwhile, the influence of the alternative voltages on the output DC side is
suppressed by the compensation components produced by the middle cells. Specifically,
the middle cells in the proposed DC-DC MMC serve as the active power filter (APF), aiming
to replace the position of the bulky passive LC filter with the active one. Additionally, due
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to the specific circuit structure of the novel middle cell, the terminal voltages connecting
the upper and lower arms are always controlled to be zero, which has no influence on the
control of the DC bus voltage.
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Figure 1. Basic structure of the proposed DC-DC MMC.

The rest of this paper is organized as follows. The basic topology structure and
mathematical model of the proposed DC-DC MMC are presented in Section 2. In addition,
the arm powers and SM capacitor voltages are also analyzed in this section. The control
strategy of the proposed DC-DC MMC is discussed in Section 3. The simulation and the
experimental results are presented in Sections 4 and 5 to verify the effectiveness of the
theoretical analysis for the proposed DC-DC MMC. Finally, Section 6 concludes this paper.

2. Analysis of the Proposed DC-DC MMC
2.1. Basic Structure of the Proposed MMC Topology

Figure 1 illustrates the configuration of the proposed DC-DC MMC. It consists of
the left and right phases. Each phase is composed of the upper arm, lower arm, and
proposed middle cell. Both the upper and lower arms consist of n cascaded HBSMs and the
reactors, aiming to support the input DC bus voltage and produce the required alternative
voltages. Emphatically, the reactors cascaded with the HBSMs are employed to suppress
the inrush current and harmonics of the circulating current. Moreover, the additional
inductors L; located at the output DC side are in charge of smoothing the output current
and filtering the high-frequency harmonics. Note that the dominant harmonic voltages
caused by the injected alternative voltages are mostly suppressed by the compensated
middle cell voltages, which indicates that a smaller inductance for L; can be designed.

The structure of the HBSM in Figure 2a illustrates that each HBSM consists of two
power switchers and one capacitor. During normal operation, the HBSM capacitor voltage
is chopped by these power switchers with the complementary drive signals. The HBSMs,
constituting the upper and lower arms of the proposed DC-DC MMC, are responsible for
producing the required DC and AC voltage components. Typically, the AC components of
the upper and lower arms in the proposed DC-DC MMC have the same amplitude with
opposite signs, while the DC components of the upper and lower arms are determined
by the defined input and output DC bus voltages. This setting of the solution enables the
input DC bus voltage’s maintenance. In particular, being similar to the MMC operated
under the inverter and rectifier modes, the HBSM stacks in the proposed DC-DC MMC
serve as the medium platform for power exchange between the input and output DC sides.
Therefore, the fluctuated powers are inevitably imposed on the HBSMs and the proposed
middle cells. In medium-voltage applications especially, these fluctuations significantly
influence the distribution of the voltages and currents at the input and output DC sides. In
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the proposed DC-DC MMC, the compensated components produced by the middle cells
are adopted to suppress the influence of the fluctuated powers on the output DC side. In
the meantime, the fluctuated powers are controlled to flow within the double phases only
without disturbing the input DC side.

Figure 2. SM structure. (a) Half bridge-based SM. (b) Proposed middle cell.

As shown in the circuit structure depicted in Figure 2b, the middle cells in the proposed
DC-DC MMC are placed for connecting the upper arm, lower arm, and the output DC side.
It consists of six power switchers and one capacitor. The power switchers in the single
middle cell can be divided into three pairs: sy1-5y2, 5x3-5x4, and sy5-545. The power switchers
in each pair of the middle cell are driven with complementary signals, which focus on
producing the required middle cell terminal voltage by chopping the capacitor voltage.
The available switching states of the middle cells in the proposed DC-DC MMC are listed
in Table 1. Note that the middle cells can be regarded as the active power filters, supplying
additional degrees to eliminate the undesirable voltages at the output DC side. According
to the basic working principle of the middle cell, the switching functions in the middle cells
can be expressed as

1,2,...,6 )

o — 1, when switch is on P
771 0, when switch is off =~

where s,; is the switching state of the middle cell of phase x (x = 4, b). Therefore, based on
the structure feature of the middle cell, the terminal voltages can be expressed as

Uxms = (le - Sx5)”xmid
Uxsn = (Sx5 - Sx3)uxmid 2
Uxmn = (le - 5x3)uxmid

where 1,5 is the terminal voltage between terminals 1 and s for the middle cell of phase x
(x =a, b), uysy, is the terminal voltage between terminals s and 7 for the middle cell of phase
x (x =a, b), uxmn is the terminal voltage between terminals m and 7 for the middle cell of
phase x (x = a, b), and 1,5 is the middle cell capacitor voltage of phase x (x =4, b).

Table 1. Switching states of the middle cell.

Switching States Umx Uxn Umn
Sx1, Sx3, Sxg are on; Syo, Syg, Sys are off Upid —Upid 0
Sx1, Sx3, Sxe are off; Syo, Sx4, Sxs are on —Umid Umid 0
Sx1, Sxa, Sx5 are on; Sxp, Sx3, Sxe are off 0 Uid Upid
Sx1, Sxa, Sxs are off; Syp, Sx3, Sxg are on 0 —Umid —Umid
Sx1, Sxa, Sx6 are on; Syp, Sx3, Sys are off Upnig 0 Upmid
Sx1, Sxa, Sxe are off; Syp, Sy, Sxs are on —Upig 0 —Umid
Sx1, Sx3, Sx5 are on; Syo, Syg, Sxg are off 0 0 0
Sx1, Sx3, Sxs are off; Sy», Sx4, Sxg are on 0 0 0

2.2. Operating Principle of the Proposed Topology

For an MMC system operating under the inverter or rectifier modes, the upper and
lower arm voltage references are specified, depending on the input and output rated
voltages. Generally, the required alternative powers, which are used to balance the HBSM
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capacitor voltages, are absorbed from the AC side of the MMC. However, unlike the inverter
or rectifier MMC, since there are no alternative powers to be absorbed from the input and
output sides of the DC-DC MMC, additional alternative voltages and currents should be
injected in order to balance the SM capacitor voltages. Basically, the balanced state of the
HBSM capacitor voltage of the proposed DC-DC MMC reflects that the average power of
the single HBSM remains zero during one specific period, and this solution depends on the
rearranged distribution of the injected alternative voltages and currents. On the one hand,
in order to support the DC bus voltage, the injected alternative voltages are defined as the
AC parts for the upper and lower arm voltage references. The difference lies in that the
injected alternative voltages have the same amplitude with opposite signs for the upper
and lower arms for each phase of the proposed DC-DC MMC. Meanwhile, as for the AC
voltages of the upper arms (or lower arms) in the left and right phases of the proposed
DC-DC MMC, the same amplitude with opposite signs for the injected alternative voltages
should also be arranged. As for the undesirable voltages caused by the injected alternative
voltages at the output DC side, the compensation components produced by the middle cells
are employed to suppress the influence. On the other hand, to prevent the harmonics from
invading the output side, the alternative current, adopted to cooperate with the alternative
voltages for producing balanced powers, are controlled to flow within the double phases.

Based on the above-mentioned discussion, the detailed distribution of the voltages
and currents in the proposed DC-DC MMC is depicted in Figure 3. As depicted, the
red dashed lines denote the current flow routes of the DC components in the proposed
DC-DC MMC. The blue dashed line represents the current flow route of the alternative
current. It is assumed that the left and right phases in the proposed DC-DC MMC have
symmetrical parameters. Therefore, the input DC current is split evenly for the left and
right upper arms. As for the DC components of the left and right lower arm currents, they
are directly controlled to flow into the output side, constituting the output current with the
DC components of the left and right upper arm currents.

]
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Figure 3. The equivalent model of the proposed DC-DC MMC.

Accordingly, the preferred arm voltage references for the proposed DC-DC MMC are
given as follows:
Ugy = V) — Ve sinwt
Uz = Voo + Ve sinwt
Upy = Vi + Ve sinwt
up = Voo — Ve sinwt

®)

where u,, and u,; are the upper and lower arm voltage references of phase a and u;,, and
uy are the upper and lower arm voltage references of phase b. Furthermore, V}, is the DC
component of the upper arm voltage reference, V, is the DC component of the lower
arm voltage reference, and V,. and w are the amplitude and the angular frequency of the
inserted AC voltage vy, respectively.
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According to the current flow routes in Figure 3, the upper and lower arm currents of
the double phases can be expressed as

Loy = 1 + lac

iul = _il + ige (4)
Ipy = h — lac
Ipp = =1 — lac

where iy, and i, are the upper and lower arm currents for phase 4, i, and iy are the upper
and lower arm currents for phase b, and i, and i; are the DC components of the upper and
lower arm currents for each phase, respectively. Moreover, i, is the injected alternative
current (also called the circulating current), which is defined as

igc = Ize sinwt (5)

where I, is the amplitude of the circulating current. Based on the current distribution in
Figure 3, the output current i, can be expressed as

140 = 21, + 21 (6)

Equation (6) indicates that the output current is contributed by the DC components of
all of the arm current in the proposed DC-DC MMC. Additionally, it also can be demon-
strated that the output current is split evenly between the left and right phases. Therefore,
referring to the route of the current flow highlighted in Figure 3 and Equation (6), the input
current of the proposed DC-DC MMC can be expressed as

ige1 = 2ip )

where ijq denotes the input DC current. Based on Equations (6) and (7), it can be found
that the input DC current is entirely delivered to the output side. Therefore, the step-up
conversion between the input current and output current is mainly achieved by adjusting
the DC components i; of the lower arm currents.

2.3. Power Analysis of the Proposed DC-DC MMC

The cascaded HBSMs and the middle cells in the proposed DC-DC MMC occupy the
vital positions for distributing the system’s powers. For simplification, phase 4 is taken into
consideration in the discussion below. Considering Equations (3)-(7), the upper arm and
the lower arm powers for each phase can be expressed as

. 1 . . 1
Pau = Vyip — EV“CI”C — Vel sinwt + Vi, I sin wt + EV”CI”C cos 2wt (8)

o1 o . 1
Par = —Vaei; + EVMIHC — Vyeip sinwt + Vol sin wt — EVHCIM cos 2wt )

where p;, and p,; are the upper and lower arm powers of phase 4, respectively. The voltage
conversion ratio of the DC-DC MMC is defined as

y= Vi _ lia (10)

Vdcl ich

where r is the voltage conversion ratio of the DC-DC MMC. It was concluded in [21] that the
balanced state of the HBSMs could only be satisfied when the active power consumptions
of the HBSMs remained zero. Therefore, based on Equations (4) and (6)—(9), this yields
the following:

Vi _ Vier = Vac _ 1 _ | _ a2l _ 01 (1)
Vic2 Vic2 r ldc1 I
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Furthermore, considering Equation (11), it is concluded that
Viin = Vacoi (12)

Referring to [21], the common mode and differential mode powers of the proposed
DC-DC MMC can be expressed as

{ Pau = Pacom + Padif (13)
Pal = Pacom — Padif
where o
Pacom = — @Vac sinwt + %Vdcl Ipe sinwt
Vi

+#ch sin wt + %Vaclac cos 2wt

where pycom and Padif are the common mode and differential mode powers of p,, and p,,
respectively. In Equation (14), the common mode power in pcon contains the fundamental
frequency component, while the differential mode power in p,4;r contains both the fun-
damental and second-order harmonic components. Considering different r values, the
upper and lower arm powers contain different values of the fundamental and second-
order frequency components. In particular, it can be observed from Equation (14) that
the fundamental frequency part in p,;r can be entirely eliminated when r = 0.5. Thus,
the fundamental frequency powers of the upper and lower arms in the DC-DC MMC are
mainly contributed by the common mode powers in Equation (14) when r = 0.5. This
implies that the upper and lower arm powers of each phase contain the same fundamental
frequency component. However, for the second-order harmonic part in p,4 posing a
differential feature, this always results in the same amplitude with the opposite sign of the
second-order harmonics in the upper and lower arm powers.

According to [21], it has been verified that the amplitude of the ith frequency compo-
nent in the SM capacitor voltage ripples shows a specific proportion to its corresponding
frequency parts in the arm powers. Based on Equation (13), the HBSM capacitor voltages
of the proposed MMC can be calculated as follows:

{ Ugemu = Uacom + Uadif (15)
Ugeml = Uacom — Uadif
where
— il +il Vac _ Vdcllﬂc 3
Ugcom = 5 Cricolley cos wt 2Cnll,g; sin wt
. — i} _il Vac
oy = iyt el cos ot (16)
Vh7Vd62 Ioc Vaclac

S S T cos wt + Cneotl,; sin 2wt

where ugepy and u,,; express the HBSM capacitor voltages of the upper and lower arms
in the proposed DC-DC MMC, respectively, and e, and Uggif are the common mode
voltage and differential mode voltage of Uy and Uy, respectively. Here, C is the HBSM
capacitance, 7 is defined as the HBSM number in each arm, and uref denotes the HBSM
capacitor voltage reference. From Equation (16), it is determined that the HBSM capacitor
voltage ripples mainly contain the fundamental and second-order harmonic components in
the DC-DC MMC. The fundamental frequency parts of the HBSM capacitor voltage ripples
in both the upper and lower arms occupy a dominant position. Therefore, different from
the voltage shape of the HBSM capacitor voltage ripples under a rectifier or inverter MMC,
the HBSM capacitor voltage ripples of the upper and lower arms in the proposed DC-DC
MMC have nearly the same shape.
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2.4. Analysis of the Inserted Alternative Voltage and Current

According to the energy conservation law and Equations (6) and (7), the input and
output powers can be expressed in the following form:

Viet “tac1 = Vier - 2ip = Vo gz = Vaeo (Zih + Zil) (17)
Referring to Equations (11), (12), and (17), this yields

Viaer - 2in = Vaep - 28y _ 1= (Vaea/ Vi)
2 2

. . 1
Vil = Vier - 2ip, = 5(1 —r)P (18)

where
pP= Vdclidcl = VdCZidCZ (19)

where P is defined as the rated power of the proposed DC-DC MMC. Once the HBSMs
of the proposed DC-DC MMC are balanced appropriately, this also demonstrates that the
DC components of the upper and lower arm powers in Equations (8) and (9) remain zero,
which yields

. 1 )
Viip = EVaclac = Vie2l (20)
Therefore, based on Equations (18) and (20), it is concluded that
Vaclae = 2Vyeoi) = (1 —1)P (21)

The term Viclye on the left side of Equation (21) expresses the required injected al-
ternative power for supporting the balanced state of the HBSM capacitor voltages. It
also demonstrates that the term V,I,; can be defined once the system parameters of the
proposed DC-DC MMC are specified. In other words, Viclse should be equal to (1 — 7) P in
order to satisfy the balanced requirement of the proposed DC-DC MMC. Consequently, an
alternative form of Equation (21) can be expressed as

1—r
VLIC

Ie = p (22)

Equation (22) implies that the amplitude of the injected alternative current is inversely
proportional to the amplitude of the inserted alternative voltage once the voltage conversion
ratio and the rated power are defined. Therefore, for the purpose of reducing the power
loss and current stress of the power devices, the decreased amplitude of the injected current
is preferred by increasing the amplitude of the inserted alternative voltage.

However, the maximum value of the injected alternative voltage shows a close rela-
tion with the HBSM features. In the proposed DC-DC MMC, the upper and lower arm
voltage references consist of the DC and alternate voltage components. Since the cascaded
HBSM s could only output positive voltages, the maximum value of the injected alternative
voltage is restricted by the DC component of the HBSM voltage reference obtained from
Equation (3). Furthermore, the DC components of the upper and lower arm voltage ref-
erences are not the same during most cases, which implies that the maximum amplitude
value of the injected alternative voltage is determined by the smaller DC component be-
tween the upper and lower arm voltage references. Consequently, the maximum amplitude
value of the injected alternative voltage is equal to half of the smaller one between V}, and
V ic2. This specifically leads to the conclusion that the maximum amplitude value of the
alternative voltage can be obtained when r = 0.5, which simultaneously proposes the mini-
mum amplitude value of the alternative current once (1 — r) P is unchanged. In other cases,
the maximum value of V. is restrained by V}, and V;,, which obeys the following rule:

Vie < min(0.5V),, 0.5Vy,) (23)
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Equation (23) shows that a smaller voltage conversion ratio r induces a bigger dif-
ference between 0.5V} and 0.5V ;,. Under this solution, a decreased amplitude of V.
should be preferred, which accompanies the increased amplitude of i, with additional
power losses.

2.5. Analysis of the Middle Cells

The middle cells in the proposed DC-DC MCC serve as the active power filter. Based
on the discussion in Equation (3), the undesired harmonic voltages would be imposed
at the output side due to the inverse feature of the injected alternative voltages in the
upper and lower arms. However, the adverse influence can be suppressed significantly
by having suitable control of the middle cells to eliminate undesirable harmonics. Unlike
the MMC topologies used to filter out the undesirable voltages with bulky passive LC
components [16], the middle cells in the proposed DC-DC MMC can produce any required
voltages accurately. It can conveniently adjust the amplitude and the angular frequency of
the required alternative voltage by modifying the voltage references of the middle cells.
Consequently, considering the direction marked for the voltage reference in Figure 3, the
references of the middle cells can be concluded to be

Ugms = Ve Sin wt
Ugsn = — Ve sinwt
Ups = — Ve SInwt
Upsy = Ve sinwt

(24)

where 1,5 is the terminal voltage between m and s in the middle cell of phase a, ugs, is
the terminal voltage between s and 7 in the middle cell of phase a, 1y, is the terminal
voltage between m and s in the middle cell of phase b, and uy,, is the terminal voltage
between s and 7 in the middle cell of phase b. Based on the definition in Equation (24),
the alternative voltage component can be produced only when the terminals can output
both the positive and negative SM capacitor voltages. For simplification, the terminal
voltage u,,s was taken as an example for analysis. Thus, referring to the basic switching
states listed in Table 1, the terminal voltage u,,s can be composed of either the former two
switching states in Table 1 or the fifth and sixth switching states in Table 1. However, when
the fifth and sixth switching states in Table 1 are adopted to produce 4,5, an unexpected
alternative voltage is imposed on the terminal voltage ;. Under this condition, the
terminal voltage 1, would be inserted into the phase voltage, which disturbs the arm
voltage distribution. Therefore, the former two switching states in Table 1 are adopted to
control the middle cell due to the reason that the terminal voltage u,,, always remains
zero. According to the above-mentioned discussion, similar analysis results can be applied
for other terminal voltages in Equation (24). Consequently, the former two switching states
in Table 1 are preferred.

Figure 4 illustrates the equivalent single-phase structure of the proposed DC-DC
MMC. This can be considered the buck converter, while the middle cell acts as the low-pass
filter. In terms of the single-phase converter, since there is no additional current flow loop,
the injected alternative current will inevitably invade the input DC current. This enables
the superior feature of the double-phase structure in the proposed DC-DC MMC, which
supplies an active current flow loop for the injected alternative current.

2
Varl Va2

Low-pass i
1 filter

ol LJ I
B

Figure 4. Single-phase DC-DC MMC in buck converter form.
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To further investigate the structure feature of the proposed middle cell, the distribu-
tions of the voltages and currents of the middle cell should be studied. Referring to the
marked currents of the middle cell in Figure 2b, based on Equations (3)—(7), the following
currents can be derived:

Lamidm = —%(1 + L‘{Z; sin wht)(ih + iuc)
lamidn = %(1 + LZZ; sin wht)(_il + iac) (25)
Lamids = %(1 — L‘{Zfd Sil’lwhf)(ih + ll)

where i,,i4,, is the switching current of s, of phase 4, 1,4, is the switching current of s,3
of phase 4, i,,i4s is the switching current of s,5 of phase a, and U,,;; is defined as the middle
cell capacitor voltage reference. Equation (25) indicates that the DC components of i,
and i3, are directly transferred to the output DC side, which imposes no influence on the
balanced state of the middle cell capacitor voltage. Consequently, referring to Equation (25),
the middle cell capacitor current can be concluded to be

Lamid = _(lmidmu + Unidnu + lmidxu) - UﬂC'd (lh + Zl) sin wt (26)
mi

From Equation (26), it is demonstrated that the middle cell capacitor current only
contains the fundamental frequency component. Consequently, the middle cell capacitor
voltage can be derived as follows:

Vac(in +11)

cos wt (27)
Cmidwumid

Uamid = Upmid —
where u,,,;; is the middle cell capacitor voltage of phase a and C,,;; is defined as the middle
cell capacitance. From Equation (27), it can be concluded that the middle cell capacitor
voltage ripple is directly proportional to the load current of the proposed DC-DC MMC.

2.6. Comparison of the Proposed Converter and Existing DC-DC MMC

A feature comparison of the push—pull M2DC [16], FC-MMC [18], AM-MMC [20],
and the proposed converter is provided. The comparison items include the SM number,
IGBT number, bulky capacitor, bulky inductor, current stress, and reliability. As for the
detailed comparison parts listed in Table 2, obviously, among the listed MMC topologies,
although the proposed converter has a larger IGBT number, this is not required to equip the
bulky LC filter components. Additionally, the proposed converter has less current stress
among the listed topologies. Meanwhile, in terms of the reliability, since the middle cells in
the proposed converter serve as the active power filters, evenly distributed losses can be
achieved among the IGBTs, which improves the reliability of the middle cells.

Table 2. Comparison of the existing DC-DC MMC when r = 0.5.

P‘;fllz‘g (‘:‘“ FC-MMC AM-MMC Proposed
SM number 4n 4n 6n dn+2
IGBT number 12n 8n lon 14n
Bulky capacitor Not required Required Not required Not required
Bulky inductor Required Not required Not required Not required
Current stress High High High Low
Reliability High Low High High

3. Control Structure of the Proposed DC-DC MMC

Since the terminal voltages 1, of the middle cells always remain zero when adopting
the former two switching states in Table 1 during normal operation of the proposed DC-DC
MMC, the balancing control of the HBSMs has a similar feature to that of the traditional
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MMC [9]. Considering the above-mentioned discussion related to Figure 3, the HBSMs are
in charge of achieving active power transmission, while the middle cells are responsible
for eliminating undesired harmonics. Therefore, the average value of all HBSM capacitor
voltages of the single phase should be controlled to be zero. The control of the proposed
DC-DC MMC consists of the average control and the balancing control. The structure of the
average control is shown in Figure 5. Based on Equation (14), the fundamental components
contribute the main parts in pyy,. As discussed in Section 2, the upper and the lower arm
HBSM capacitor voltages contain the same fundamental frequency component. Therefore,
Ay in Figure 5 mainly contains the DC and fundamental frequency components. This
arrangement is entirely different from that of the DC/AC MMC in [22] that consists of
the DC and second-order components. Due to this, the alternate circulating current in the
proposed DC-DC MMC mainly contains the fundamental part, whereas the DC/AC MMC
contains the second-order part. Then, Au, is applied to the proportional and integral
(PI) controller in order to obtain the inner loop current reference. The inner loop current
reference contributes to the common part of both the upper and lower arm currents. It
should be noted that the inner loop current reference iy, in Figure 5 contains the DC part
and the circulating current, which can be expressed as

) ip—i , .
Ixref = % + g (28)

where iy is the inner loop current reference for phase x (x = 4, b) and the symbol +
differentiates the left and the right phases. Equation (28) indicates that the inner loop
current reference consists of the common part (i, — 7;)/2 and the differential part is.. The
common part in Equation (28) flows from the input to the output sides, contributing to the
output DC current, while the differential current in Equation (27) flows only within the
double phases without disturbing the output current. Finally, the compensation part of the
average control Avy (x = a, b), being responsible for the balance states between the upper
and lower arms, is sent to the modulation process.

C‘PAucm . ixref

Uem k‘, +% g Avx
1 2n
_Zucmi 0.5 (ixu+ixl)(x=a, b)
2n5

Figure 5. Average control of the proposed DC-DC MMC.

For the individual control, closed-loop control with a proportional controller is pro-
posed as illustrated in Figure 6. Figure 6a depicts the balancing control of the HBSM, while
Figure 6b shows the balancing control of the middle cell. In Figure 6a, the compensation
part of the HBSM balancing control can be obtained by the product of the output of the P
controller and the polarity of the corresponding arm current. Typically, the active power
is absorbed from the arm currents to maintain the balanced state of the HBSM capacitor
voltages. In Figure 6b, unlike the balancing control of the HBSM, the active power, required
to maintain the balanced state of the middle cell capacitor voltage, is absorbed from the
output current. The purpose of the individual control in Figure 6 is to prevent the SM
capacitor voltage from deviating from its reference, which is mainly achieved by producing
a corresponding compensation part in the modulation waveforms. Consequently, the
voltage reference of the HBSM can be described as follows:

— Vi _
Ugusmi = 73 — 71 — Avy + Adgysmi

— Vio | o
Uglsmi = nf + n Avg + Aualsmi

V. | o (29)
Upusmi = 7 + 7’ - Avh + AMbusmi

vV v,
Uplsmi = —42 — 0 — Avy + Apgpy;
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where 5, and 1,y5,,; are the ith voltage references for the upper and the lower arms of
phase x (x = a, b), respectively.

Uem | |
O | P] ] f Auxksmi
Uxkemi
4\1" ; (x=a,b; k=u,l)

Ly— S§n
(a)
Unnia ©) P, ﬁ— Alymia
Uxmid I i— sgn (x=a,b; k=u,l)
(b)

Figure 6. Individual balancing control of SM capacitor voltage. (a) The balancing control of the
HBSM capacitor voltage. (b) The balancing control of the middle cell capacitor voltage.

Considering the voltage reference of the middle cell, due to the complementary fea-
tures of u,,y and uyy, it is sufficient to balance the middle cell capacitor voltage for 1, only.
Thus, it is concluded that

{ Ugmidref = Uh + Agig (30)
Upmidref = —Up + Dlpyig

where gy is the middle cell voltage reference of phase x (x = a, b). Referring to the
former two switching states in Table 1, once the references in Equation (30) are defined, the
switching states of the middle cell can be defined.

4. Simulation Results

The theoretical analysis and control strategy of the proposed DC-DC MMC were
comprehensively discussed in Sections 2 and 3. In order to evaluate and verify the per-
formance of the proposed DC-DC MMC, simulation results using the MATLAB platform
are presented in this section. As per the simulation parameters listed in Table 3, each of
the arms in the proposed DC-DC MMC consisted of eight HBSMs. The HBSM capacitor
voltage reference was considered to be 500 V, which was aimed to support the input DC bus
voltage (4000 V). In order to produce the required compensation parts from the middle cells,
the middle cell voltage reference was set to 2000 V. Both of the switching frequencies of the
HBSM and middle cell were set to be the same (1 kHz). Moreover, considering the superior
output performance of the cascaded HBSMs, a phase-shifted carrier PWM (PSC-PWM) was
adopted for modulation process.

Table 3. Circuit parameters for simulation.

Symbol Quantity Value
Ve DC link voltage 4000 V
N Number of SMs per arm 8
C HBSM capacitor 1 mF
Coid FBSM capacitor 1 mF
L Arm inductor 2mH
fe SM switching frequency 1 kHz
fre Middle cell switching frequency 1 kHz
fu Frequency of inserted AC voltage 100 Hz
Uem HBSM capacitor voltage reference 500 V
U, id Middle cell voltage reference 2000 V

Rioad Load resistance 100
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Figure 7 illustrates the simulation results of the upper and lower arm voltages. Based
on the control strategy analyzed in Section 3, the output voltages of the upper and lower
arms contained the dominant DC and alternative components. The difference lied in that
the alternative voltages of the upper and lower arms had a phase shift of 7.

Q
[e] T T

—Upper arm voltage
= —Lower arm voltage
=3
o 4 g
[+
o
3 W(WW
E |
<<
N 101 102 103 1.04 105

Time(s)
Figure 7. The upper arm and lower arm voltages in the proposed DC-DC MMC.

Figure 8 depicts the simulation results for the HBSM capacitor voltages in the upper
and lower arms when r = 0.5. As discussed in Section 2, the fundamental frequency compo-
nent of the differential mode voltage in Equation (16) could be completely eliminated when
r = 0.5. Therefore, the HBSM capacitor voltage ripples mainly contained the fundamental
frequency components. In addition, it can be observed that the upper and lower HBSM
capacitor voltage ripples had a similar shape. As for the slight difference between the two
waveforms in Figure 8, this was mainly caused by the second-order harmonic components
in the differential mode voltage in Equation (16). The simulation result of the capacitor volt-
age of the middle cell is illustrated in Figure 9. Referring to the discussion in Equation (26),
the capacitor voltage ripple of the middle cell mainly contained the fundamental frequency
component, which showed accordance with the waveform in Figure 9.

[4]
(4]
(]

—Upper arm capacitor voltage
—Lower arm capacitor voltage

4]
N
[4]]

VAVAV/AV/AVAVANAV/AV/AV/A

N
~]
193]

Capacitor Voltage [V]
&
o

N
(8]
]

7.07 1.02 7.03 1.04 7.05
Time (s)

Figure 8. The upper arm and lower arm capacitor voltages of the proposed DC-DC MMC when
r=0.5.
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Figure 9. The capacitor voltage of the middle cell for the proposed DC-DC MMC.

Figure 10 depicts the upper and lower arm currents when r = 0.5. As discussed
in Section 2, the upper and lower arm currents in the single phase contained the same
alternative current, while the difference lied in that they had distinct DC components.
Ultimately, the DC components of the upper and lower arm currents were controlled to
flow from the arms to the output side, forming the load current.
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Figure 10. The upper arm and lower arm currents of the proposed DC-DC MMC when r = 0.5.

In order to verify the effectiveness of the proposed DC-DC MMC, the simulation
results under the DC-DC MMC without the middle cells were also found. Figure 11
illustrates the comparison of results for the output voltages when r = 0.5. Figure 11a shows
the simulation results of the output voltage for the DC-DC MMC without adopting the
middle cells, while Figure 11b shows the simulation results of the output voltage in the
proposed DC-DC MMC. As we can see from Figure 11, a serious ripple for the output
voltage mainly caused by the injected alternative voltages can be observed. In addition, to
evaluate the dynamic performance of the proposed DC-DC MMC, step change analysis
of the output voltage was also performed. Figure 12 shows that a fast response from the
new steady state for the output voltage could be observed when the reference of the output
voltage was increased from 1700 V to 2300 V. Under the same conditions, the step change
of the upper and lower arm currents is also provided in Figure 13, which verifies the fast
response of the arm current for the proposed DC-DC MMC.

4

3_ 4

Output Voltage [kV]
N

0506 07 08 09 10 11 12 13

Time (s)

()

Output Voltage [kV]
nN

5 06 07 08 09 1 11 12 13

Time (s)
(b)

Figure 11. Comparison of the output voltages for different DC-DC MMC topologies when r = 0.5.
(a) Output voltage of the DC-DC MMC without adopting the middle cells. (b) Output voltage of the
proposed DC-DC MMC.
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Figure 12. The DC output voltage with step change from 1.7 kV to 2.3 kV in the proposed
DC-DC MMC.
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Figure 13. The upper and lower arm currents when voltage step changes from 1.7 kV to 2.3 kV in the
proposed DC-DC MMC.

5. Experimental Results

To verify the effectiveness of the theoretical analysis of the proposed DC-DC MMC, a
power prototype was built. It consisted of the power circuit and the control system. Due to
the restrictive experimental facility, the power stage of the proposed DC-DC MMC was
developed using four HBSMs per phase leg, and each phase was equipped with one middle
cell, as shown in Figure 14. Meanwhile, a three-phase uncontrolled rectifier was employed
to produce the required DC input voltage. The detailed structure of the control system is
presented in Figure 15, where the DSP and FPGA were the main components. The DSP was
developed with the help of the TMS320f28335 chip to achieve the control algorithm and
to produce the modulation waveforms for the FPGA. The FPGA system was based on the
EP4CE115F23C8N chip to achieve analog sampling and PWM signal collection. The Altera
Cyclone IV EP4CE115F23C8N devices were targeted toward high-volume, cost-sensitive
applications, enabling system designers to meet increasing bandwidth requirements while
lowering costs. It covered 110,000 logic elements, 4 Mb embedded memory, 4 general-
purpose PLLs, and 528 maximum user I/Os. Therefore, it was proper to produce the large
number of PWM-driven signals and the analog sampling signals. During normal operation,
the DSP chip acted as the host platform, while the FPGA system served as the affiliated
platform. An experimental photograph of the power prototype for the proposed DC-DC
MMC is shown in Figure 16, while the experimental parameters of the proposed DC-DC
MMC are listed in Table 4.

AC
voltage

regulator
@ ] Vaer ==

Figure 14. Power circuit of the proposed DC-DC MMC.
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Figure 15. Diagram of the control system.
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Figure 16. Experimental photograph of the proposed DC-DC MMC.

Table 4. Circuit parameters for experiment.

Symbol Quantity Value
Ve DC link voltage 200V
N Number of SMs per arm 2
C SM capacitor 0.68 mF
Cinid Middle cell capacitor 1 mF
L Arm inductor 2mH
fe SM switching frequency 1kHz
e Middle cell switching frequency 1kHz
fn Frequency of inserted voltage 50 Hz
Uem SM capacitor voltage reference 100V
U,,id Middle cell capacitor voltage reference 100V
Rjpud Load resistance 250

Figure 17 shows the experimental results of the input current and the middle cell
capacitor voltage at ¥ = 0.4. In the proposed converter, the injected alternative current
was controlled to keep its flow within the phase legs without disturbing the input current
in Figure 17. The upper and lower arm currents in the single phase contained the same
alternative current and the different DC parts, which indicates an agreement with the
waveforms, as shown in Figure 18. The output voltage of the proposed converter at r = 0.4
is also presented in Figure 18, which offered a smooth feature. Finally, to verify the dynamic
performance of the proposed DC-DC MMC, the step change from r = 0.4 to 7 = 0.5 (for the
output voltage) is illustrated in Figure 19, which provided the fast response of the output
voltage and arm current. In addition, the experimental results of the output voltage under

the step change from r = 0.4 to r = 0.6 are also provided in Figure 20.
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Figure 17. SM capacitor voltages of the proposed DC-DC MMC.
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Figure 18. Output voltage and arm currents of the proposed DC-DC MMC.
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Figure 19. The DC output voltage and arm current of the proposed DC-DC MMC with a step voltage
change from 80 V to 100 V.
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Figure 20. The DC output voltage and arm current of the proposed DC-DC MMC with a step voltage
change from 80 V to 120 V.

6. Conclusions

This paper proposes a non-isolated double-phase DC-DC MMC while adopting novel
middle cells. The main purpose of the proposed converter is to replace the bulky passive
LC filer components with active ones. The specific procedure aims to prevent the injected
balanced alternative harmonics from invading the input and output DC sides, which
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is mainly achieved by the proposed circuit structure. During normal operation of the
proposed DC-DC MMC, the alternative currents are controlled to flow within the double
phase legs. This provides protection from any disruption to the input DC current. As for the
injected alternative voltages, it was observed that the influence of the alternative voltages
on the output DC side could be mostly suppressed by producing the composition parts
from the middle cells. Consequently, the proposed middle cells serve as the active power
filters for filtering the undesired harmonics on the output DC side in the DC-DC MMC.
The relationship between the injected alternative voltage and current was comprehensively
analyzed. It was concluded that the amplitude of the injected alternative current could be
reduced by increasing the amplitude of the injected alternative voltage once the conversion
ratio and load power were specified, and this procedure could be beneficial for reducing
the power loss and switch current stress. Moreover, due to the specific structure of the
middle cells, they showed no influence on the upper and lower arm voltages, providing a
simple balance control for the SM capacitor voltages. The corresponding control strategy
of the proposed converter was also discussed. Finally, the simulation and experimental
results verified the performance of the proposed converter.

Funding: This article is supported by the Natural Science Basic Research Program of Shaanxi under
grant 2021JQ-115, and in part by the Fundamental Research Funds for the Central Universities of
China under Grant G2021KY0608.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sulzberger, C.L. Triumph of AC. 2. The Battle of the Currents. IEEE Power Energy Mag. 2013, 1, 70-73.

2. Merlin, M.M.C; Green, T.C.; Mitcheson, P.D.; Trainer, D.R.; Critchley, D.R.; Crookes, RW. A New Hybrid Multi-Level Voltage-
Source Converter with DC Fault Blocking Capability. In Proceedings of the 9th IET International Conference on AC DC Power
Transmission, London, UK, 1-5 October 2010; pp. 1-5.

3. Kish, GJ.; Ranjram, M.; Lehn, PW. A Modular Multilevel DC/DC Converter with Fault Blocking Capability for HVDC
Interconnects. IEEE Trans. Power Electron. 2015, 30, 148-162. [CrossRef]

4. Schon, A.; Bakran, M. High Power HVDC-DC Converters for the Interconnection of HVDC Lines with Different Line Topologies.
In Proceedings of the 2014 International Power Electronics Conference, Shanghai, China, 5-8 November 2014; pp. 3255-3262.

5. Kenzelmann, S.; Rufer, A.; Dujic, D.; Canales, F.; Novaes, Y.R. A Versatile dc/dc Converter Based on Modular Multilevel Converter
for Energy Collection and Distribution. In Proceedings of the IET Conference on Renewable Power Generation (RPG 2011),
Edinburgh, UK, 6-8 September 2011; pp. 1-6.

6. Kenzelmann, S.; Rufer, A.; Vasiladiotis, M.; Dujic, D.; Canales, F.; de Novaes, Y.R. A versatile dc-dc converter for energy collection
and distribution using the modular multilevel converter. In Proceedings of the 14th European Conference on Power Electronics
and Applications, Birmingham, UK, 30 August-1 September 2014; pp. 1-10.

7. Liith, T.; Merlin, M.M.C.; Green, T.C. Modular Multilevel DC/DC Converter Architectures for HVDC Taps. In Proceedings of the
2014 16th European Conference on Power Electronics and Applications, Lappeenranta, Finland, 26-28 August 2014; pp. 1-10.

8. Engel, S.P; Stieneker, M.; Soltau, N.; Rabiee, S.; Stagge, H.; Doncker, R.W.D. Comparison of the Modular Multilevel Converter
and the Dual-Active Bridge Converter for Power Conversion in HVDC and MVDC Grids. IEEE Trans. Power Electron. 2015, 30,
124-137. [CrossRef]

9.  Lesnicar, A.; Marquardt, R. An Innovative Modular Multilevel Converter Topology Suitable for A Wide Power Range. In
Proceedings of the 2003 IEEE Bologna Power Tech Conference, Bologna, Italy, 23-26 June 2003; pp. 1-6.

10. Lith, T.; Merlin, M.M.C.; Green, T.C.; Hassan, F.; Barker, C.D. High-Frequency Operation of a DC/AC/DC System for HVDC
Applications. IEEE Trans. Power Electron. 2014, 29, 4107-4115. [CrossRef]

11.  Kenzelmann, S.; Rufer, A.; Dujic, D.; Canales, F; Novaes, Y.R. Isolated DC/DC Structure Based on Modular Multilevel Converter.
IEEE Trans. Power Electron. 2015, 30, 89-98. [CrossRef]

12.  Gowaid, I.A.; Adam, G.P; Ahmed, S.; Holliday, D.; Williams, B.W. Analysis and Design of a Modular Multilevel Converter with
Trapezoidal Modulation for Medium and High Voltage DC-DC Transformers. IEEE Trans. Power Electron. 2015, 30, 5439-5457.
[CrossRef]

13. Xing, Z.; Ruan, X;; You, H,; Yang, X.; Yao, D.; Yuan, C. Soft-switching operation of isolated modular dc/dc converters for

application in HVDC grids. IEEE Trans. Power Electron. 2016, 31, 2753-2766. [CrossRef]


http://doi.org/10.1109/TPEL.2013.2295967
http://doi.org/10.1109/TPEL.2014.2310656
http://doi.org/10.1109/TPEL.2013.2292614
http://doi.org/10.1109/TPEL.2014.2305976
http://doi.org/10.1109/TPEL.2014.2377719
http://doi.org/10.1109/TPEL.2015.2448125

Electronics 2022, 11, 1135 19 of 19

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yang, H.; Saeedifard, M. A Capacitor Voltage Balancing Strategy with Minimized AC Circulating Current for the DC-DC Modular
Multilevel Converter. IEEE Trans. Ind. Electron. 2017, 64, 956-965. [CrossRef]

Yang, H.; Qin, J.; Debnath, S.; Saeedifard, M. Phasor Domain Steady-State Modeling and Design of the DC/DC Modular
Multilevel Converter. IEEE Trans. Power Delivery 2016, 31, 2054-2063. [CrossRef]

Ferreira, J.A. The Modular Multilevel Converter. IEEE Trans. Power Electron. 2013, 28, 4460—4465. [CrossRef]

Li, B,; Shi, S.; Zhang, Y.; Yang, R.; Wang, G.; Xu, D. Analysis of the operating principle and parameter design for the modular
multilevel dc/dc converter. In Proceedings of the 2015 9th International Conference on Power Electronics and ECCE Asia
(ICPE-ECCE Asia), Seoul, Korea, 1-5 June 2015; pp. 2832-2837.

Du, S.; Wu, B,; Tian, K; Xu, D.; Zargari, N.R. A Novel Medium-Voltage Modular Multilevel DC-DC Converter. IEEE Trans. Ind.
Electron. 2016, 63, 7939-7949. [CrossRef]

Du, S.; Wu, B,; Xu, D.; Zargari, N.R. A Transformerless Bipolar Multistring DC-DC Converter Based on Series-Connected
Modules. IEEE Trans. Power Electron. 2017, 32, 1006-1017. [CrossRef]

Du, S.; Wu, B,; Zargari, N.R. A Transformerless High-Voltage DC-DC Converter for DC Grid Interconnection. IEEE Trans. Power
Delivery 2018, 33, 5621-5628. [CrossRef]

Norrga, S.; Angquist, L.; Antonopoulos, A. The Polyphase Cascaded-cell DC/DC Converter. In Proceedings of the IEEE Energy
Conversion Congress and Exposition (ECCE), Denver, CO, USA, 15-19 September; pp. 4082-4088.

You, H.; Cai, X. Stepped Two-Level Operation of Non-isolated Modular DC/DC Converter Applied in High-Voltage DC Grid.
IEEE ]. Emerg. Sel. Top. Power Electron. 2017, 6, 1540-1552. [CrossRef]


http://doi.org/10.1109/TIE.2016.2613059
http://doi.org/10.1109/TPWRD.2016.2515498
http://doi.org/10.1109/TPEL.2012.2237413
http://doi.org/10.1109/TIE.2016.2542130
http://doi.org/10.1109/TPEL.2016.2553450
http://doi.org/10.1109/TPEL.2017.2740782
http://doi.org/10.1109/JESTPE.2017.2784426

	Introduction 
	Analysis of the Proposed DC-DC MMC 
	Basic Structure of the Proposed MMC Topology 
	Operating Principle of the Proposed Topology 
	Power Analysis of the Proposed DC-DC MMC 
	Analysis of the Inserted Alternative Voltage and Current 
	Analysis of the Middle Cells 
	Comparison of the Proposed Converter and Existing DC-DC MMC 

	Control Structure of the Proposed DC-DC MMC 
	Simulation Results 
	Experimental Results 
	Conclusions 
	References

