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ABSTRACT Aiming at the low-voltage DC distribution network system and combining the characteristics
of F2F structure and ISOP-DAB structure DC transformer, this paper proposes a DC transformer structure
based on modular multilevel converter (MMC) and cascaded H-bridge. First of all, this paper analyzes
several different cases. Case 1 proposes a type of equal carrier-phase-shift pulse-width modulation (CPS-
PWM) of MMC, which can produce an equal five-level voltage waveform. In the meanwhile, another
unequal CPS-PWM control is proposed to produce an unequal five-level voltage waveform. According to the
descriptions of case 2, the quasi-square-wave-modulation method with a wide gain range can greatly reduce
the insulation design difficulty of the intermediate AC side high-frequency transformer and the voltage
stress on the AC side. Case 3 demonstrates the extended-phase-shift (EPS) control of three-port DC-DC
converter. Combining the voltage sorting algorithm of voltage sequencing and cyclic switching, a strategy
of voltage equalization for grouped capacitors is proposed. Considering the various application scenarios of
actual working conditions, the soft switching characteristics and multi-port power characteristics of the DC
transformer are analyzed. In order to verify the feasibility of the DC transformer structure and its control
strategy, a simulation model was built in Matlab/Simulink and the results were verified. The results are in
accordance with the theoretical analysis.

INDEX TERMS Cascaded H-bridge, group voltage equalization algorithm, modular multilevel converter,

Quasi-square wave modulation.

I. INTRODUCTION

With the development of the economy, the problem of
resource shortage and the pressure of environmental degra-
dation have initially become prominent. so the large-scale
development of green and sustainable energy is imperative.
The application of new renewable energy sources such as
water, wind, light, and geothermal are the only way for coun-
tries in the world to achieve environmental protection and sus-
tainable economic development. In my country’s ‘“Twelfth
Five-Year Plan”’, wind power and photovoltaic power gener-
ation will account for 3% and 0.4% and 5% and 0.6% respec-
tively by 2015 and 2020 [1]-[3]. For sustainable distributed
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energy, the DC power distribution system can better access
and absorb it.

At present, DC power conversion technology has become
a hot research topic in the industry. Internationally, scientific
research institutions such as Tokyo Institute of Technology
in Japan, Aachen University of Technology in Germany,
ABB Company, etc. Domestic universities, enterprises and
scientific research institutions such as Tsinghua University,
Huazhong University of Science and Technology, and the
Institute of Electrical Engineering of the Chinese Academy
of Sciences have all implemented DC transformer topology
and control methods. Extensive discussions and researches
containing topology selection are also implemented [4], [12].

Among the DC transformer topologies currently suitable
for high-voltage and high-power applications, the DC trans-
former topology based on the input series output parallel
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(ISOP) structure is the most studied and most mature topol-
ogy [5], [6].The entire DC transformer is composed of inde-
pendent DC/DC converters. On the one hand, each converter
is connected in series on the input side to bear the higher-
level voltage of the medium voltage DC input side. On the
other hand, through the parallel connection on the output
side, It can split huge power and current equally on the low-
voltage side. The most commonly used topology of DC/DC
converters is the dual-active-bridge (DAB) converter, which
has the functions of DC-DC voltage conversion and bidirec-
tional energy transmission. The two sides of the converter
are electrically isolated by the high-frequency transformer
(HFT). The main problems of the DC transformer with this
structure are the difficulty of high-frequency transformer
insulation design, the voltage mismatch with DC bus voltage
fluctuations and the low reliability caused by the concentrated
capacitance on the series side.

For MMC side, the most common used control method
is carrier phase-shift pulse-width modulation (CPS-PWM)
method, which poses phase displacement among different
carriers. Through the comparisons between reference wave
and carriers, the trigger signals of corresponding SMs are
produced.

For the connection between medium and high voltage DC
buses, some researchers have proposed a DC transformer with
a face-to-face structure (F2F) based on Modular Multilevel
Converter (MMC) [11], [12]. Modular multilevel converters
have the characteristics of easy expansion, simple redundant
design, and high maintainability. They have been widely used
in high-voltage direct current transmission systems. In high-
voltage and high-power DC conversion occasions, MMC also
has greater advantages. However, in the case of medium-
voltage and low-voltage power distribution levels, the struc-
tural characteristics of MMC will lead to a great increase in
cost and losses [14]-[18], [19], [20]-[22].

Combining the advantages and disadvantages of MMC and
ISOP-DAB structure, this article adopts a structure based on
MMC and cascaded H bridge for medium and low voltage
DC distribution network, as shown in Fig.1. The medium
voltage side of this structure bears the voltage of the medium
voltage level through the MMC. It improves the reliability of
the equipment. The low-voltage side is connected in series
on the AC side through multiple cascaded H-bridges to adapt
to the low-voltage bus voltage and larger current. On this
basis, this article adopts a quasi-square-wave-modulation
strategy with a wide gain range, which can effectively
improve the power transmission characteristics of the DC
transformer. At the same time, a module voltage equal-
ization strategy combining voltage sequencing and switch
table cycle is proposed to improve its voltage equalization
effect [19]-[21].

Compared with conventional DAB output port, there are
many advantages of output parallel (OP) structure.

When energy is transferred between different buses, a large
power capacity is required. The capacity of a single con-
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FIGURE 1. DC transformer topology based on MMC and H-bridge hybrid
structure.

verter and the voltage stress of the power switch are limited,
which cannot meet the power demand of the system. At this
time, it is an important solution in the project to realize
the expansion of multiple medium and small power grade
converters through a modular combination (OP structure).
The modular combination scheme can effectively increase
the power capacity, reduce the stress of the power tube, and
enhance the redundancy of the system. If the interleaved
phase-shifting control method is adopted between the mod-
ulation signals of each module, the system current ripple and
the design parameters of the filter components can be further
reduced.

On the one hand, compared with the conventional DAB
DC-DC converter, OP structure can be applied into high-
output-current scenario with the same output voltage level.
Taking the storage system for instance, within the range of
charging current, the charging rate of OP converter is higher
than that of DAB. On the other hand, with many cascaded
H bridges, under the same output voltage level, the ability of
power transmission of OP structure is much higher than that
of DAB.

For transformer, with the same output-current level, the
current stress flowing through each transformer of OP struc-
ture is much lower than that of single DAB, which is bene-
ficial to the effective employment of transformer’s window.
Under high-current-stress condition, the litz wire and cop-
per foil are employed into the manufacture of transformer,
resulting in the complicated manufacture and low utilization
of transformer.

Il. WORKING PRINCIPLE ON THE MMC PORT OF
DIFFERENT MULTI-PORT DC-DC CONVERTERS IN
DIFFERENT CASES

In this section, several cases are discussed in detail, which
introduce different combinations among phase-shift ratios,
topology and CPS-PWM method. Case 1 presents the
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FIGURE 2. Proposed topology mentioned in case 1.

DC-DC converter composed of input port based on MMC
and two output ports based on cascaded H bridges, which
is depicted clearly in Fig.2. The basic control scheme
of primary side contains equal CPS-PWM control and
Unequal. There is a brief demonstration in Fig.5 and
Fig.6 about case 2, elaborating a novel topology made
up of input side based on MMC and four output ports
based on cascaded H bridges. Case 3 introduces three-
port DC-DC converter based on cascaded H bridges, which
operates under extended-phase-shift (EPS) control. The cur-
rent stress and backflow power on the primary side are
decreased dramatically compared with single-phase-shift
(SPS) control.

Case 1: Based on aforementioned illustrations, a DC-DC
converter consisting of input side based on MMC and two out-
put ports based on cascaded H bridges. MMC consists of two
different phases, which are denoted as A and B respectively.
Each phase contains two different arms and there are 4 SMs
on a single arm. The DC side is divided into two parts and the
value of each part is Vy./2, where the midpoint of DC side is
zero. The primary side based on MMC employs CPS-PWM
method to produce stair waveform for power transmission.
The phase displacement between the primary side and output
port 1 is same as that between the primary side and output
port 2, meaning that there is no energy exchange between
output ports. The detailed messages are demonstrated
in Fig.2.

By employing CPS-PWM control, the AC equivalent
output waveform on the primary side is nine-level stair
waveform and the AC equivalent output waveform on
the secondary side is square waveform. The magnitude
and direction of power transmission can be controlled by
adjusting the phase displacement between the primary AC
voltage Vap and secondary AC voltage of either Vcp
or Vgr. The equivalent circuit is demonstrated apparently
in Fig.3.
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FIGURE 3. Equivalent circuit of proposed topology in case 1.

The output voltages of A and B are anti-phase. Likewise,
the reference waveforms of either upper arm or lower arm in
both phase A and B are also anti-phase.

The reference waveform of both upper arm and lower arm
in phase A and B are expressed as follows.

Vae  Vae .

Vref—upper—A = TC + 76 sin(wt) (D
Vic  Vic .

Vref—lower—A = 2L - 2C sin(wr) ()

The single phase of MMC is depicted in Fig.4 apparently. The
relationship among output voltage V,, the voltage of upper
arm Vypper and the voltage of upper arm Vigwer is depicted as
follows.

Viower . Vupper 3)
Ignoring the voltage across the buffer inductor, the AC out-
put voltage of MMC V, is mainly determined by upper
arm voltage Vypper and lower arm voltage Vipwer. Through
employing the CPS-PWM control, the basic characteristics
of AC output stair waveform relies on the insertion sequence
of SMs.

For single phase of MMC, the reference waveform of upper
arm and lower arm are anti-phase. Nevertheless, the phase
displacement between upper arm and lower arm is zero.
The insertion sequences between upper arm and lower arm
are different as well. The configuration among reference
waveform, carriers and insertion sequence are presented
in Fig.4 clearly.

Taking case 1 as a typical example of CPS-PWM control,
the AC equivalent output voltage is a nine-level stair wave-
form. The insertion of entire CPS-PWM control begins from
the lower arm, where the insertion sequence is from SMs to
SMg. However, the insertion of the upper arm starts from SM
to SMy.

Assuming that all capacitor voltages are well balanced and
the capacitor voltage is denoted as V., the maximum output
voltage and the minimum output voltage of MMC are 2V,
and —2V, respectively.

The output voltage of MMC on the primary side can be
derived as follows. Especially, the phase-shift angle among

V, =
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FIGURE 4. Single phase of MMC.
carriers is equal.
Vo="Va— Vg “

According to the illustration in Fig.4, the time slot among
different output voltage level keeps the same.

What’s more, in order to decrease the total harmonics
distortion (THD), the time slot of highest output voltage level
should be increased.

With the identical insertion sequence of SMs, the phase-
shift angle between the carrier of SMg and SM; widens
whereas that between other carriers reduces and maintains
same.

Due to the structural characteristics of this DC-DC con-
verter, the secondary output voltage Vy» can be concluded as

Vie = Vea + Ver (5)

Vho is also a square waveform, where the amplitude is twice
of V.4 whereas the phase keeps the same.

Owning to the symmetrical characteristic of primary volt-
age waveform, the time slot of the appearance of the stairs
waveform is denoted as d in the period of 7/4.

Taking the equal CPS-PWM control in half of switching
period Ty for example, the operation states in each period
are illustrated as follows. The phase-shift ratio between the
primary voltage V1 and the secondary voltage V}, is marked
as D. The time slot when output voltage keeps constant is
chosen as dj. The turn ratio of magnetizing transformer is
selected as 1.

The configuration of carriers, reference waveform and
insertion sequence of SMs is shown in Fig.5 apparently.
And the specific configuration under this unequal CPS-
PWM control and the insertion sequences of sub-modules
are also demonstrated in Fig.6. At the same time, the con-
figurations of AC equivalent output voltage Vy; on the pri-
mary side and Vj» on the secondary side are depicted in
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Insertion sequence in phase A:

SM; (=9 SM; [=»-| SM; (=9 SM;

=p| SM; [=9| SM, |=p| SM; (=] SM,

Insertion sequence in phase B:

SM, |=»| SM, =»| SM; (=~ SM,

- SMq - S]\']b - S]\']'f - SMB

FIGURE 5. Configuration of carriers, reference waveform and insertion
sequence of SMs under equal CPS-PWM control.

Fig.7 apparently.

0, t €0, 1]
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Vic, t>15

Case 2: In the ISOP type DC transformer, the power unit usu-
ally selects type DAB, which can achieve voltage conversion,
electrical isolation, and the ability to achieve soft switching of
the device. Power flow control based on phase-shift control is
easy to implement and has a larger output adjustment range.

Case 2 also illustrates the near square waveform modula-
tion, which combines the high ability of power transmission
of square waveform modulation and the low-THD-content
characteristics of sine waveform modulation.
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Insertion sequence in phase A:

SM; (== SM [==-| SM; [==| SMjs

= SM, [=#=| SM, (= SM; |=>| SM,

Insertion sequence in phase B:

SM, |=#=| SM, |=#| SM; [=»-| SM,

= SM; [=B=| SM; |=#| SM, |=»| SM;

FIGURE 6. Configuration of carriers, reference waveform and insertion
sequence of SMs under unequal CPS-PWM control.

Vi | fdbidii i T

<Dy

oo oo [ ] ]
IR IR A T o IR
oo e oo I
' L I e
' oo ]

t t; Ltststetstg ty 1y

FIGURE 7. The configuration of AC equivalent output voltage on both the
primary side and the secondary side.

In DC transformers based on MMC and cascaded H-bridge
structures, phase-shift control is also used for power trans-
mission. By adjusting the phase difference between the MMC
side inverter voltage Unp,c and the cascaded H-bridge inverter
voltage Up,c, the power transmission between the MMC
side and the cascaded H-bridge side can be controlled. The
structure of Fig.1 is simplified as the equivalent circuit model
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FIGURE 8. Phase-shift control power.

in Fig.8. The medium-voltage side MMC and the low-voltage
side cascaded H-bridge can be regarded as two AC voltage
sources.

VitacV.
MacZlacin(1—D)l, 0<D<1
p=1{ Fkp ®)
MaCVLac
e M D1+ D)), —1<D<0
2fsLin

Among them: Vj,c -medium voltage side inverter voltage
amplitude/V; Vi ,c-low voltage side inverter voltage ampli-
tude/V; f; -AC waveform frequency / Hz; Ly, -AC side power
inductor and transformer leakage inductance Coupling/H;
D——Phase shift angle unit value/V, that is D = §/m, § is
phase shift angle/rad.

From equation (8), the output power of the phase-shifting
DC transformer is mainly determined by the switching fre-
quency, inductance value, phase-shift ratio and AC voltage
amplitude. When the phase-shift angle is greater than 0, that
is, the phase of AC equivalent output voltage on medium-
voltage side is ahead of that on low-voltage side. The power
flows from the medium voltage side to the low voltage side.
When the phase shift angle D is 0.5, it reaches the peak value
of transmission power; when the phase-shift angle is less
than 0, it means phase of AC equivalent output voltage on
medium voltage side lags behind that on low voltage side.
The power flows from the low voltage side to the medium
voltage side. When the phase shift angle D is -0.5, the peak
value of transmission power is reached, which is easy to
realize the control of the power transmission flow direction
and size.

For the phase-shift type DAB converter, the square wave is
the only AC waveform that can be used for modulation. In the
DC transformer based on MMC and cascaded H-bridge,
the modulation of sine wave and triangle wave can be realized
through different modulations. Comprehensive comparisons
among several modulation methods, under the same volt-
age amplitude, square wave modulation has the strongest
power transmission capability while control complexity and
switching frequency are low. However, triangle wave modu-
lation and sine wave modulation have smaller voltage stress
and harmonics content. Through comprehensive consider-
ation, quasi-square-wave modulation has combined advan-
tages among aforementioned modulation methods.

The voltage waveform diagram of the near square wave
modulation is shown in Fig.9.

Suppose the amplitude of the near square wave voltage is
Vpeak» the period is T, and the level switching duration is dT'.
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FIGURE 9. Quasi-square wave modulation waveform.
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FIGURE 10. Cascaded H-Bridge quasi-square Wave.

In the process of level switching, a total of k levels
are set, k is usually greater than or equal to 5, and the
height of each level of voltage ladder is 2vpeqi/(k-1). Due
to the limitation of the switching frequency and the level
switching time, the number of voltage steps k cannot be
too large.

Compared with the control method of the MMC on the
medium voltage side, due to the limitation of the topology
of the low voltage side cascaded H bridge, each H bridge
can only invert a two-level square wave voltage, and cannot
achieve greater gain as flexible as the MMC Voltage trans-
formation ratio. Therefore, in the cascaded H-bridge part,
the main control strategy is to coordinate the near-square
wave phase shift control on the medium voltage side.

As shown in Fig.10, taking the number of H-bridges as
an example, the quasi-square-wave v;, generated by the cas-
caded H-bridge is synthesized by the square waves vp; ~vp
generated by the inverter of several H-bridges connected in
series. There is a phase delay between each H bridge at a
time, and the delay time is dyi Th/3. Among them, dygir 1S
the ratio of the near-square-wave ladder process time to the
near-square-wave half-cycle duration, which is the same as
the near-square-wave ladder process time generated by the
medium voltage side MMC inverter.

By adopting a modulation method with a wide gain
range, the ratio of AC voltage amplitude to DC voltage
can be flexibly configured on the basis of making full
use of all modules. Without considering the MMC redun-
dant module, the wide gain range modulation method is
shown in Fig.11.
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FIGURE 11. Wide gain range modulation.

In state 1, s sub-modules are inserted in the bridge arms
1, 4, n sub-modules are inserted in the bridge arms 2, 3, it
is considered that the capacitor voltage of each sub-module
in the bridge arm is balanced, and the midpoint potential of
the bridge arms 1 and 2 can be written U, and the midpoint
potential U,y of bridge arms 3 and 4:

n 1
Ugn=——-U —)U, 9
al s+n Mdc"l‘( 2) Mdc ( )
) 1
Up =—"-VU —=)YUpmdc 10
@ = Mdc + ( 2) Mdc (10

Equation (9) and (10) can be subtracted to obtain the expres-
sion of AC side voltage U,:

v, ="y (11)
a_S+I’l Mdc

It can be seen from formula (11) that the AC side voltage can
be flexibly configured by changing the number of s and n, and
the gain control from DC voltage to AC voltage amplitude can
be adjusted.

By adjusting the gain, the following goals can be achieved:

(1) Reduce the AC voltage amplitude, thereby reducing the
number of high-frequency transformers in the AC link and the
difficulty of electrical insulation;

(2) The s+n sub-modules invested in each phase of MMC
share the DC side voltage, so the number of sub-modules
under the same medium voltage level can be reduced;

(3) When the DC side voltage fluctuates, the gain can be
adjusted to keep the AC side voltage amplitude matched to
avoid the increase of current stress, power return and loss.

The AC voltage and current waveforms with quasi-square-
wave modulation are shown in Fig.12, where the inverter
voltage U, on the medium voltage side leads the inverter
voltage Uy on the low voltage side.

Since the AC voltage has periodic symmetry, only half of
the cycle time Ty, is considered, and the step time is recorded
as DgyirT. The medium voltage MMC side voltage and the
low voltage side cascaded H-bridge inverter voltage can be
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FIGURE 12. Voltage and current waveform under quasi-square-wave
phase-shift control.

expressed as equations (12) and (13):

2jt — DVae, t €0t
U, = (2 Wnac [0, 1] (12)
VMac, t et t4]
_kVMac, re [Os f2]
Up = {[2j(t = DTp) — 1JkVpae, t € [t2,83]  (13)
kVMac, t € [t3, 14]
Among them: fp——0 moment; 7 Dgir T, moment;
t)——DTy, moment; 13——(D + Dgir)/Th, moment; t4
Ty, moment; j——1/(Dgair Th) moment.

According to formulas (12) and (13), the current on the
power inductor in the half cycle can be obtained:

ip(1)

'y 'y, -U
=/ ”bdtzfa—bdt
o L 0 L

1
lL(O) + Z((/t - l)VMac + kVMac)t,

t €0, ]
. 1
ir(t) + Z(l +)Vmac(t — 1), t e[, ]

1
iL(tZ) + Z(VMac
— ([t + 12 — 2D) — DkVpae)(t — 12), t € [12, 13]

1
iL(t3) + Z(l — K)VMac(t — 13), 1 € 13, 14]
(14)
According to the half-period symmetry of AC, ir(t9) = —

ir(t4), the expression of AC current at #p ~ #3 in equation
(14) can be obtained:

VisaeT,
iL(0) = ”;L "1+ K)Dyaiy — 2Dk — 1 + k]
ViroT
i) = MzL " [(1 4 3k)Dyyair — 2Dk — 1+ k]
. VMacTh (15)
i) = L [(k — D)Dgir +2D — 1+ k))]
. VMacTh
ir(t3) = EETAR [(1 + k)Dggir +2D — 1 + k)]
95012

According to the voltage and current on the AC side, the AC
transmission power can be calculated by the integration of the
AC port voltage and current, as shown in equation (16):

1 (T
P:—/ U,(D)ip (t)dt
Ty Jo
kvllzdac D2'
= Mupq — p) - 16
2]§L[ ( ) o 1 (16)

Case 3: Under this case, a typical three-port DC-DC converter
based on cascaded H bridges is analyzed in detail. The topol-
ogy among the input port and the output ports is selected as
full-bridge topology.

When it comes to the differences between this three-port
DC-DC converter and the conventional dual-active-bridge
(DAB) under EPS control, several specific advantages should
be proposed.

The voltage waveform on the secondary side is a special
condition, where the phase-shift ratio between Vg, and Vg
is equal to that between V,, and Ver. In common condi-
tion, these two phase-shift ratios are different, leading to a
three-level output voltage on the secondary side. Therefore,
the operation state of this three-port DC-DC converter under
EPS control is similar to the operation of DAB under three-
phase-shift (TPS) control. Additionally, the direction and
amplitude of power flow among different ports are manipu-
lated by the phase-shift ratios among different AC equivalent
output voltage waveforms.

Obviously, compared with the EPS control of DAB, three-
port DC-DC converter under EPS control contains more
operation modes, which leads to the complicated analysis
about control modes. Furthermore, these papers analyze basic
conditions of power flow and corresponding optimizations on
current stress.

There are a large quantities of operation states under TPS
control. Some states can convey energies from primary side to
secondary side directly. Nevertheless, some states could not
transfer energy from the primary side to the secondary side,
where the energy is stored into the inductor temporarily. For
this state, the first step is that the energy is transferred from
the primary side to the inductor. At the same time, the second
step is that the energy is transferred from the inductor to the
secondary side.

The common AC equivalent voltage waveforms including
V. on the primary side and Vp on the secondary side of
three-port DC-DC converter under EPS control are shown
in Fig.13 in detail. And the equivalent circuit of three-port
DC-DC converter is depicted in Fig.14 clearly.

As a result, first of all, the conventional EPS control of
DAB is a special condition of three-port DC-DC converter
under EPS control, where the value of phase-shift ratios are
chosen as the same value among different AC equivalent
waveforms of different output ports. Secondly, when it comes
to the power flow among different ports, the condition of
power flow inside the three-port DC-DC converter is more
complicated than that inside the DAB. Through changing
the phase-shift angle among different AC equivalent output
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FIGURE 13. Equivalent AC output voltage waveforms on both sides.
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FIGURE 14. Equivalent circuit of three-port DC-DC converter.

voltages, the direction and amplitude of power flow can be
controlled precisely. That is to say, from the perspective of
entire topology, the operation states and basic control princi-
ples are definitely different even having the same equivalent
circuit. Moreover, the introduction of inner phase-shift angle
is to decrease the value of backflow power under EPS control
of DAB, resulting in lower power losses further. However,
the phase-shift angles between the input port and the output
port 1 and between the input port and the output port 2 are
defined as 61 and 6; respectively. For EPS control of three-
port DC-DC converter, the power flow and AC equivalent
voltage are manipulated by not only inner phase-shift angle
but the difference between 6 and 6,, where several impor-
tant variables mentioned in many papers such as backflow
power and transmission power can be controlled in same way.
The detailed configuration of three-port DC-DC converter is
shown in Fig.15.

The AC equivalent output voltage of full-bridge is square
waveform. Input port or output port is composed of a full-
bridge topology, a linked inductor and high-frequency trans-
former (HFT). Without any phase-shift angle inside this
topology, input port can be equivalent to square waveform
Vab. At the same time, output port can be equivalent to square
waveform V¢q and Ver respectively. The phase displacement
between V,, and V4 is same as that between Vy, and Ver. Asa
result, there is no power exchange between these two output
ports. The phase-shift ratio between Vg, and V¢4 is same as
that between Vy, and Vg, which is denoted as D.
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FIGURE 16. Equivalent circuit of three-port DC-DC converter in case 3.
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FIGURE 17. AC equivalent output voltage (1) Vp: on the primary side (2)
Vq: output port 1 (3) Vgs: output port 2.

The specific configuration of equivalent circuit is demon-
strated in Fig.16 apparently. Likewise, the AC equivalent
voltage waveforms are elaborated in Fig.17.

According to the analysis in Fig.17, the secondary side of
this topology can be equivalent to a square waveform. The
amplitude and direction of power flow can be determined by
phase-shift ratio D between the AC equivalent voltage on the
primary side and the secondary side.

When it comes to the conventional control scheme, the
single-phase-shift (SPS) control is the common used control
method. However, the uncontrollable backflow power and
enormous current stress are the main problem occurring in
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FIGURE 18. AC equivalent output voltage (1) V,p: on the primary side
(2) Vcq: output port 1 (3) Vs: output port 2.

operation. Subsequently, the extended-phase-shift (EPS) con-
trol is introduced to decrease the backflow power and current
stress substantially. The operation states of this three-port
DC-DC converter under EPS control are described in Fig.18
apparently.

The negative part A of transient power represents the value
of backflow power. The sum of A and B represents the value
of transmission power. The transmission power, backflow
power and current stress are displayed as follows.

33

1 .
Pbackflow = 7 Vi lip| dt an
Ths
0
Ths
1 .
p=— [ Vpipdt (18)
Ths
0
irmax = max{Gy, Gz} (19)

With the variation of inner phase-shift ratio D1, the negative
part of transient power decreases substantially, which means
the drop of backflow power.

Ill. MMC SUB-MODULE CAPACITANCE VOLTAGE
EQUALIZATION ALGORITHM

I Regarding the voltage equalization of the sub-modules of
the modular multi-level converter, the most direct idea is to
control the charge and discharge of the sub-module capacitors
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FIGURE 19. Switch table voltage equalization module status.

in different states to ensure that the voltages of each capacitor
are balanced. The logic of sorting algorithm based on the
direction of the bridge arm current and the capacitor voltage
is as follows:

(1) According to the quasi-square-wave modulation algo-
rithm and the current quasi-square-wave cycle state, deter-
mine the number of sub-modules that need to be inserted into
the bridge arm at the current moment n;

(2) Real-time acquisition and sorting of the capacitor volt-
age of the bridge arm sub-module;

(3) Control the switching state of the bridge arm sub-
module according to the current direction. When the bridge
arm current is greater than 0O, that is, the current flows into the
input sub-module to charge the module capacitance. Other-
wise, it discharges the module capacitance. Therefore, when
the bridge arm current is positive, the n sub-modules with the
lowest capacitor voltage value are inserted in; when the bridge
arm current is negative, the n sub-modules with the highest
capacitor voltage value are inserted in.

This method has small capacitance voltage fluctuations,
good voltage equalization effect and strong applicability.
It can be more convenient to increase the number of
modules or expand to multi-port applications. The disad-
vantages are: 1. When the number of modules is large,
the controller needs to collect a large amount of data.
The sampling cost and the controller’s calculation pres-
sure are relatively high; 2. Real-time sampling needs to
use a higher sampling frequency and switching frequency
to ensure that the effect of voltage equalization is High-
frequency MMC will greatly increase the switching loss of
the device.

In view of the problems of the voltage equalization method
based on voltage sequencing and current direction judgment,
consider using the sub-module cycle switching method to
perform voltage equalization, so as to avoid a large amount
of sampling and sequencing.

The square wave modulated switch meter capacitor volt-
age equalization is the simplest. Taking 10 sub-modules
of one bridge arm as an example, it takes 10 cycles to
complete a voltage equalization. Regardless of the redun-
dancy of the sub-modules, the voltage equalization is
shown in Fig.19:

Among them, 1 means that the submodule is in the input
state. 0 means that the submodule is in the removal state.
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In 10/6 modulation, the equalization period can be shortened
from 10 to 5 by symmetrical arrangement.

For quasi-square-wave modulation, due to the step tran-
sition time, a single-square-wave cycle cannot be simply
divided into the first half cycle and the second half cycle.
Due to the characteristics of the quasi-square-wave modu-
lation method with a wide gain range, taking bridge arm
1 as an example, the switching states of each module
of the MMC in a quasi-square-wave period are allocated
as shown in Fig.20.

State 1: As shown by vy in Fig.20, it is only switched
on during the high-level phase of the quasi-square-wave
cycle;

State 2: As shown in vy and vgy3 in Fig.20, on the basis
of state 1, gradually increase the investment time of the two
stages of the ascending stage and the descending stage. The
number of levels in each sub-module is fixed. From high level
to low level, the on-time of each small state increases by two
single-stage steps.

State 3: As shown by vgma and vgms in Fig.20, it is switched
on during the entire quasi-square-wave period.

When the sub-module is turned on, the bridge arm cur-
rent flowing through the sub-module capacitance begins to
charge or discharge it. Therefore, in a sampling cycle, the cur-
rent integral within conduction period of the sub-module is
the change in the charge of the module capacitance in that
cycle. The amount of change may cause the module voltage
oscillations.

The bridge arm current mainly includes circulating current
flowing through the bridge arm and half of the AC output
current:

. . L
larml = larm4 = ElL + leir
o 1 20)
larm2 = larm3 = _EZL + Leir
P
icir = (21)
2Vmae

Based on this, the charge change in each state of
the sub-module in a quasi-square-wave period can be
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FIGURE 21. One cycle charge change of each state module.

obtained:
Vu T2
Qstatel = %(szz + kD?mir — 2kDDstair - 2Dk)
VitacT? D2 .
+5 KDL = D) = 451~ Dy) (22)
VitacT?
Ostaier_q = 4L b (2kD? + kD?,,;, — 2kDDy4ir — 2Dk)
VMacT;% D2 i
k D 1 _ D _ stair
+ 57 Jk[D( ) EYR 1
2q
X(l - Ds + Gsrai Dxtair) (23)
stair
Qs = 2T gy — ) - D (24)
state3 — oL 24

In the formula: J——MMC AC voltage gain,.

The relationship curve between the normalized amount of
charge change of each bridge arm sub-module and the phase
shift angle D can be drawn, as shown in Fig.21:

It can be seen from Fig.21 that the charge change is neg-
ative in state 1 and state 2. And the charge change of each
sub-module in state 1 and state 2 is relatively close; when the
sub-module is in state 3, the charge change of the module is
positive. In the voltage equalization algorithm of the switch
meter, the two states can be regarded as one state, thereby
reducing the length of the voltage equalization cycle.

Every two sub-modules are divided into a group as a sub-
module group, that is, a total of n/2 sub-module groups.
Each sub-module group is sampled. The two sub-modules in
each sub-module group adopt a cyclic switching mode. The
specific pressure equalization principles are as follows:

(1)At the beginning of a near-square wave period, collect
the voltages of each sub-module group and sort them

(2) According to the order of voltage from high to low,
extract one of the four sub-module groups with the high-
est voltage The sub-modules are put into state 1, state
2_1~ state 2_3 in turn during the near-square wave period,
and the remaining 6 sub-modules are put into state 3.

(3) Re-sampling the voltage and at the beginning of the
next near-square wave period Sequencing.

95015



IEEE Access

G. Sha et al.: Research on Multi-Port DC-DC Converter Based on MMC and Cascaded H Bridges for MVDC Applications

(4) In each sub-module group, the two sub-modules adopt
a cyclic switching mode, that is, they are in the discharging
and charging state in turn to achieve voltage balance between
the two sub-modules.

(5) When a certain sub-module group is integrated When
the voltage is higher than a certain threshold, in the near
square wave period, the two sub-modules are in state 1 or
state 2_1, so that the voltage of the sub-module group drops
rapidly.

(6) When the modulation mode is changed, step 2 needs to
be performed Flexible adjustment.

For example, in 10/4 modulation, the two sub-modules in
the sub-module group with the highest voltage are in state 1 or
state 2_1, and the remaining 4 sub-module groups are sorted
by voltage, and one of the sub-modules is extracted and made
in turn. In the near square wave cycle, the input state is state
1, state 2_2~ state 2_5, and the input state of the remaining
4 sub-modules is state 3.

The above is the grouping capacitor voltage equalization
principle combining voltage sorting and switching table. This
voltage equalization method integrates the characteristics of
voltage sequencing and switching tables, and has a cer-
tain voltage correction capability.

The cyclic switching can be completed within 2 to 3 near
square wave cycles, and it can greatly reduce the number of
sampling links and the amount of sequencing calculations.
And each quasi-square-wave cycle only needs to be sampled
and be equalized once, which will not increase the switching
frequency.

Combining the voltage sorting principle with the grouping
capacitor voltage equalization principle of the switch table,
this voltage equalization method integrates the characteristics
of voltage sequencing and switching tables, which has a
certain voltage correction capability.

The cyclic switching can be completed within 2 to 3 quasi-
square-wave cycles. It can greatly reduce the number of
sampling links and the amount of sequencing calculations.

IV. DC TRANSFORMER SOFT-SWITCHING ANALYSIS

The loss of power electronic equipment mainly includes
switching loss, conduction loss and magnetic loss. Among
them, switching loss accounts for a heavier proportion of
devices with higher frequencies. The realization of soft
switching can significantly reduce switching losses and
improve the efficiency of power electronic devices.

First analyze the soft switching performance of the MMC
side. In the traditional MMC structure of the converter valve,
only half of the devices that can achieve zero voltage turn-on
(ZVS-ON) are usually used. The rest of the devices work is in
the hard-switching state, resulting in severe switching losses.
Although the medium voltage side of the DC transformer
studied in this article adopts the MMC structure, the control
method is different from the converter valve MMC. The
control method is also different. So it is necessary to analyze
its soft switching performance in detail.
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Fig.19 shows the two state switching processes of the
MMC sub-module. When the current flows in (capacitor
charging), the voltage of the T, tube is 0 at the moment
of state switching, which can realize ZVS-OFF; the current
flows through the freewheeling diode of the upper tube Tj.
So the upper tube T can realize ZVS-ON. When the current
flows out, the upper transistor T and the lower transistor To
both bear the capacitor voltage at the moments of turn on and
turn off. Respectively, they are in a hard switching state. In the
same way, when the sub-module is switched from on to off,
the ZVS of the two switches can be realized when the current
flows out, and it is hard to switch when the current flows in.

According to the current at each time in formula mentioned
above, the soft switching range of the MMC side device can
be obtained:

k < 1 — Dystair ;
- D? .
Dygir — 2D + 1+ 2J[D(1 — D) — ;tzzr]
k< 1 — Dytair
- D% .
3Dgir — 2D+ 14+ 2J[D(1 — D) — slazr]
1 — Dyai 24 7 (25
k < stair ;
- D? .
Dguir — 2D + 1 —2J[D(1 — D) — ;tztr]
k < 1 — Dytair
- D% .
3Dgtair — 2D + 1 —2J[D(1 — D) — ;er]

The soft switching range of cascaded H-bridge can be
obtained by similar analysis:

- 1-2D+ Dstair

k
- Dstair +1
26
kZ 1_2D_Dstair ( )
Dytair + 1

Combining formulas (25) and (26), the curve of the soft
switching range shown in Fig.23 can be obtained.

The orange area in the middle is the range where all the
components of the DC transformer can achieve soft switch-
ing. The black dashed line is the power transmission curve
at different values of k. It can be seen that when k#1, soft
switching cannot be realized under light load. The closer the
power is to full load, the easier it is to realize soft switching.
Therefore, during the working process of the DC transformer,
light load operation should be avoided as much as possible
and the voltage matching operation should be ensured as
much as possible.”

V. DC TRANSFORMER MULTI-PORT POWER
CHARACTERISTICS

In the DC distribution network, the low-voltage side needs to
be adapted to DC buses of different voltage levels according
to different types of loads, such as rail traction power, data
center, residential building power supply, etc. In order to con-
nect the medium-voltage DC bus with each low-voltage bus,
it can be realized by a multi-port DC transformer, as shown
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FIGURE 24. Multi-port DC transformer structure.

in Fig.24. In the AC link, multiple low-voltage side cascaded
H bridges are led to realize single-end to multi-end DC con-
version.

For DC transformers with single-pole input and multi-port
output, load imbalance is a relatively common situation under
actual working conditions. In extreme cases, some ports may
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(a) (b)

FIGURE 25. (a) Equivalent circuit of dual-port output;(b) Equivalent
circuit after star-delta transformation.

even be unloaded and some ports may be overloaded. Ana-
lyzing with dual-port output, there are similar conclusions for
multiple ports. The equivalent circuit of the dual-port output
is shown in Fig.25.

Fig.25(b) is the equivalent circuit. In order to facilitate
the calculation of the equivalent impedance between the
various ports of the impedance, the equivalent circuit after
star-delta transformation is performed. The equivalent reac-
tance between each AC source is expressed by the following
formula:

Loy =Lo+ L + LoLl/Lz
Loy =Lo+ Ly + LoLy /L, 27
Ly =Ly +Li + Ly [ Ly

Among them, when Ly is 0, the value of L, will be infinite,
that is, ports 1 and 2 cannot transfer energy to each other.
According to Fig.25(b), the three-port DC transformer can be
analyzed as a phase-shift control for three power independent
transmissions. Suppose the phase shift angles (radians) of U;
and U; are 0 and 6, respectively. According to the power
transmission expression of phase shift control, the power
transmission formula between the three ports can be
obtained:

UogUj 01
Py = oi(1 ——)
L]
UgUs 6>
Poy = (1 ——) (28)
wlLon b4
U, U, 01 — 62
Py = (01 — 62)(1 — )
wLy

When the load is unbalanced, adjusting the phase shift angle
with the output voltage of the two ports as the control
target can also achieve voltage stability. In a steady state,
the actual power consumed on the load of port 1 and port 2 is
UOUT,/R; and UOUT,/R,, which are denoted as PR; and
PR,. Regardless of the device loss during power transmis-
sion, the power transmission between the three ports should
conform to the power consumption on the load as:

Pr1 = Po| + Py

(29)
Pry = Py — Py

When the load of the two ports is unbalanced, the transmis-
sion power P»>; between the two ports will play the role of
peak-shaving and valley-filling. Energy will be transferred
from the port with lower load demand to the port with higher
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load demand, so when the port moves. When the phase angle
reaches the maximum phase shift angle, the port can transmit
more energy than a single DAB. The actual phase shift angle
of a port with a smaller load will be greater than the required
phase shift angle when a single DAB transmits the same
energy, so that the port with a small load can avoid running
in a light load state.

V1. SIMULATION VERIFICATION
Verification of case 1:

With the number of voltage level increasing and SMs
increasing, the frequency of the carriers should be limited to a
certain range to avoid the devastating impact on shape of AC
output voltage. In this case, the modulation ratio m is chosen
as a value of 10.

Under equal CPS-PWM control, the voltage waveform of
MMC in both phase A and B and the AC output waveform on
the primary side are illustrated in Fig.26 apparently.

The circuit parameters in case 1 is designed in table 1.

TABLE 1. Simulation parameters in case 1.

Modulation ratio 10
DC bus voltage on the 400V
medium voltage side
Bridge arm sub-module 4704F
capacitance
Power inductor 100pH
Bridge arm inductance 10pH
AC frequency 500Hz
Low voltage side DC bus
50V
voltage on lower arm
Low voltage' side H bridge 1mF
capacitor
Low voltage DC side load
R 1Q

As is shown in Fig.26, under the equal CPS-PWM control,
the results of the AC output voltage in single phase or on
the primary side in theoretical analysis are verified. For each
period when output voltage keeps constant, the time slot
among these periods stays the same.

Under unequal CPS-PWM control, the voltage waveform
of MMC in both phase A and B and the AC output waveform
on the primary side are illustrated in Fig.27 apparently. As a
result, the simulation is in accordance with the theoretical
analysis.

The specific parameters of MMC are shown in table 2.

As is shown in Fig.27, under the unequal CPS-PWM con-
trol, the results of the AC output voltage in single phase or on
the primary side in theoretical analysis are verified.

Verification of case 2: In view of the above DC trans-
former structure and modulation strategy, a simulation is
built in Matlab/Simulink. Each bridge arm of the medium-
voltage side MMC consists of 10 half-bridge sub-modules,
and the low-voltage side cascaded H-bridge consists of 6
H-bridges plus transformers. The simulation parameters are
shown in Table 3.
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FIGURE 26. AC equivalent output voltage under equal CPS-PWM control
(a) on the primary side (b) in phase A (c) in phase B.

~

Both the MMC of the DC transformer and the cascaded
H-bridge adopt near square wave modulation. The AC link
voltage level of the DC transformer is shown in Table 4.
Among them, s and n are the MMC modulation ratios, and
B_stage is the cascaded full bridge’s step-level layer.

The voltage waveforms of the AC link of the DC trans-
former are shown in Fig.28, which are the near square wave-
forms on the MMC side and the cascaded H-bridge side.

The low-voltage side DC output voltage is shown in Fig.29
and is stable at 750V, and the fluctuation range is within 5V,
that is, within £1%.

The waveforms of the three voltage equalization meth-
ods are shown in Fig.30. From left to right, they are the
voltage equalization algorithm based on voltage sequencing
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TABLE 2. Simulation parameters in case 1.

TABLE 3. Simulation parameters.

Interval uo
DC bus voltage on the 20KV
medium voltage side
Bridge arm sub-module 4704F
capacitance
Power inductor 100pH
Bridge arm inductance 10puH
AC frequency SkHz
Low voltage side DC bus 750V
voltage
Low voltage_ side H bridge lmE
capacitor
Low voltage DC side load
1Q
R
Near square wave step time 15us

TABLE 4. AC side voltage level.

s n U, s tag}} Up

10 6 -1/4 Unige 0 -60/9ULgc

9 7 -1/8 Untge 1 -40/9 Uy qc

8 8 0 Unmge 2 -20/9 Upge

7 9 1/8 Upac 3 0 UpLge

6 10 1/4 Upige 4 20/9 Upgc
5 40/9 Upgc
6 60/9 Upge

Modulation ratio 10
DC bus voltage on the 2V
medium voltage side
Bridge arm sub-module 470uF
capacitance
Power inductor 100puH
Bridge arm inductance 10pH
AC frequency 500Hz
Low voltage side DC bus
50V
voltage on lower arm
Low Vo]tagej side H bridge I mF
capacitor
Low voltage DC side load
R 1Q

and current direction judgment, the cyclic switching voltage
equalization algorithm based on the switch table, and the
combination of voltage sequencing and cyclic switching. The
voltage equalization waveform of the grouping capacitor volt-
age equalization algorithm.

Among them, the voltage equalization algorithm based
on voltage sorting has the best effect, and the fluctuation
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FIGURE 28. Quasi-square wave modulation AC side voltage.

amplitude is about £25V; the cycle switching voltage equal-
ization algorithm based on the switch meter has a poor effect,
the fluctuation amplitude is about +75V, but the voltage
equalization frequency is low; The fluctuation amplitude of
the grouping capacitor voltage equalization algorithm com-
bining voltage sorting and cyclic switching is about 75V,
and it has a better voltage equalization effect and a lower
voltage equalization frequency.

For the case of dual-port output, the two low-voltage
ports are 1500V and 750V, and the port loads are 0.8€2 and
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0.25€2. The AC and DC waveforms are shown in Fig.31 and
Fig.32 respectively.

Verification of case 3: the simulation results are shown
in Fig.33 concerning with the comparisons between the SPS
control and EPS control. The power characteristics and cur-
rent characteristics of DAB under EPS control with the vari-
ations of D and D are also shown in Fig.33.

According to the description of Fig.33, with the increase
of inner phase-shift ratio D and the unchanged outer phase-
shift ratio Dy, the negative part of transient power decreases
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FIGURE 33. The simulation results of three-port DC-DC converter under
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substantially, which means the drop of backflow power.
At the same time, the peak values of current stress reduce
gradually as well.

VIl. CONCLUSION

In this paper, aiming at the medium and low voltage DC
distribution network, combining the MMC and ISOP-DAB
structure, several multi-port DC transformer structure and its
control strategy are proposed. The descriptions of multi-port
converter are divided into three cases. The medium voltage
side of this topology has a higher voltage bearing capacity,
and its modularity makes it highly reliable. The output side
of the low-voltage side cascaded H-bridge is connected in
parallel to increase the output current.

First of all, case 1 presents the DC-DC converter made up
of input port based on MMC and two output ports based on
cascaded H bridges. The basic control scheme of primary side
contains equal CPS-PWM control and unequal CPS-PWM
control. Secondly, case 2 elaborates a novel topology consist-
ing of input side based on MMC and four output ports based
on cascaded H bridges. In order to reduce the voltage stress
on the AC side and improve the phase shift transmission,
both MMC and cascaded H-bridges adopt near-square wave
modulation to reduce voltage stress. Aiming at the problem
of high insulation pressure of the high-frequency transformer
in the ISOP-DAB structure, the amplitude of the AC side
voltage is reduced through a wide gain range modulation
method, thereby reducing the insulation level of a single high-
frequency transformer and reducing the design difficulty. For
the MMC side capacitor voltage equalization strategy, the two
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voltage equalization strategies are combined, and a grouped
capacitor voltage equalization strategy combining voltage
sequencing and cyclic switching is proposed, which has a
better voltage equalization effect, less sampling information,
and sampling. Case 3 introduces three-port DC-DC converter
based on cascaded H bridges, which operates under extended-
phase-shift (EPS) control.

For the case of multi-port output, the power transmission
characteristics of the multi-port DC transformer are analyzed.
In order to verify the feasibility of the topology and the effec-
tiveness of the control strategy, the simulation verification is
carried out in Matlab/Simulink, which is more compatible
with the theoretical analysis.

This article analyzes and researches DC transformers
based on MMC and cascaded H-bridges. Currently, a test pro-
totype is being built. In the future, further in-depth research
on fault ride-through, redundant control, and various actual
operating conditions will be conducted through laboratory
prototypes. To explore the feasibility of large-scale applica-
tion of DC transformers with this structure in medium and
low voltage DC distribution networks.
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