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Optimization Scheme Based on High-Frequency Link
Interconnection of Submodules

Jiaxun Teng ', Xiaofeng Sun

Abstract—Submodule (SM) capacitor voltage ripple and imbal-
ance are inherent problems with conventional modular multilevel
converter (MMC). In addition, the large size capacitance in SM
reduces the power density of MMC, and the life defect of electrolytic
capacitor also decreases reliability of the converter. This article
proposes a modified switched-capacitors based MMC (SC-MMC)
topology with ripple-power decoupling channels. Without relying
on any closed-loop control, the natural elimination of SMs ripple-
power and automatic balance of SMs voltage can be realized simul-
taneously, which greatly increase the power density and simplify
the control design of system. In this article, the ripple characteristic
of the conventional MMC and the constraint on capacitance are
studied, and an SMs ripple-power decoupling method is analyzed.
The power characteristics and impedance constraint analysis of the
switched-capacitors are described in detail and the configuration
assessments including volume, cost, and efficiency of the SC-MMC
are also analyzed. Finally, a down-scaled experimental platform
is built, and the experimental results verify the correctness and
effectiveness of the proposed scheme.

Index Terms—Modular multilevel converter (MMC), ripple-
power decoupling, switched-capacitors, voltage self-equalization.

1. INTRODUCTION

HE medium- and high-voltage direct current transmission
T technology based on voltage source converter was first
proposed and it has become a hot spot of research and application
for ac/dc bidirectional conversion [1], [2]. The early flexible
dc power transmission technology also adopted the two-level
converter structure [3].

For amedium and high voltage system, the scheme of switches
connected in series for the two-level converter is not widely used
due to the series voltage equalization problem of power semicon-
ductor devices, there are high requirements for the consistency
of power devices and drive circuits. In recent years, multilevel
technology has developed rapidly, and high-power multilevel
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converter has been widely used in the field of medium and
high voltage. The typical multilevel topologies include neutral
point clamped (NPC), flying capacitor (FC), cascaded H bridges
(CHB), and modular multilevel converter (MMC) [4]. NPC
converters still need to use IGBTs in series in medium and
high voltage applications. As the number of levels increases,
the number of clamping diodes will increase significantly, so
it is difficult to expand to higher level numbers [5]. FC con-
verters have found less industrial penetration, mainly because
higher switching frequency is necessary to keep the capacitors
properly balanced, whether a self-balancing or a control-assisted
balancing modulation method is used [6]. CHB and MMC adopt
the form of full bridge or half bridge SM cascaded to improve
the voltage level, which has the advantages of low switching
frequency, good redundancy, and modular design. Both the two
converters are fits for medium- and high-voltage applications
as they are conducive to the redundant design of the system,
and can facilitate system expansion and fault ride-crossing [7],
[8]. However, MMC has a common dc bus, while the CHB not.
This feature makes the MMC more suitable for medium- and
high-voltage dc transmission [9], [10].

MMC is a hot topic of current research and related advanced
modulation strategies [11], [12], modeling analysis [13], [14],
failure redundancy strategies [15], [16], etc., are constantly being
proposed. Although there is no large size electrolytic capacitor
on the MMC dc bus, a large number of electrolytic capacitors
are used in SMs to support the sufficient medium and high
voltage and suppress the SM voltage fluctuation [17], [18].
The presence of large capacitor in MMC greatly reduces the
power density, while electrolytic capacitor has the issue of short
service life [19]-[21]. In high-power engineering applications
such as medium- and high-voltage flexible dc power transmis-
sion, MMC is required to have the ability of long-term stable
operation. Therefore, reducing the size of MMC capacitors is
of great significance for the practical engineering application of
MMC. At present, the main methods of solving this problem can
be divided into two categories: software methods and hardware
methods.

The software method is to inject common-mode voltage and
high-frequency circulating current into MMC. A beat frequency
power component is generated in MMC arm to offset the
fundamental frequency ripple power [22]-[24]. Although this
effectively reduces the SM voltage ripple, the current stress of
power device will increase significantly. In order to solve the
problem of the increasing current stress, injection methods with
different common-mode voltages and circulating current have
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been studied. The methods of injecting a square-wave common-
mode voltage on the ac side and injecting a circulating current
into the phase unit were proposed in [25] and [26] to suppress the
low-frequency component of the SM capacitor voltage. In [27],
a control strategy based on injection of sine waves or square
waves into upper and lower arms respectively was proposed
with a good ripple suppression effect being achieved. Although
the above schemes can reduce the current stress somewhat, the
difficulty of controlling the injection waveform also increases
accordingly.

The hardware method of designing additional circuits is also
used in the study of reducing the capacitance of MMC SMs. In
[28], an MMC scheme of flying capacitor structure (FC-MMC)
was proposed. The flying capacitors are used to connect the
upper and lower arms to achieve power balance between the two
arms. The proposed scheme can use the corresponding circulat-
ing current injection method without common-mode voltage. In
[29] and [30], a buck-type active power filter circuit is added into
MMC topology (APF-MMC) to suppress the capacitors voltage
fluctuations and decrease the power loss, and the SM capacitor
ripples can be reduced up to 50% of the original value.

Ripple suppression schemes that provide power channels
between SMs have also been studied. This scheme is based on
the phase difference of ripple voltage between SMs, which can
compensate and cancel each other. The methods proposed at
present are mainly divided into two categories. One is to provide
power channels for the SMs between the upper and lower arms
of the phase unit to realize the decoupling of odd frequency
ripple power [31]—[33]. The other is to provide power channels
for SMs between different phases, including adjacent arms in
single MMC [34], [35] and dual MMC [36]. Since no injection
method is required, there are neither common-mode voltage
nor current stress issues. Compared with injection method,
the proposed MMC significantly reduces the total capacitance,
avoids common-mode voltage injection, and does not signifi-
cantly increase the total cost and power consumption. The power
channels in the above schemes adopt the DAB structure, and a
closed-loop control method needs to be designed in each SM,
which will increase the complexity of system control in the
multimodule system.

In addition, all above methods to suppress the SM capacitor
voltage ripple have a common premise, that is, SM capaci-
tor voltage has been equalized through corresponding control.
Therefore, in addition to the above ripple suppression scheme,
another voltage equalization control strategy should be designed.
Switched capacitor converters realize power transfer by con-
trolling the charging and discharging of capacitors through
switching devices, which can reduce the volume and weight of
the converter system, contribute to the improvement of power
density, and have the structural characteristics of high integration
[37],[38]. Kawa et al. [39] proposed a switched-capacitors based
voltage doubling topology based on electronic thyristors, which
takes thyristor as an active switch and constructs a resonant
switching transformation mode, thus creating conditions for
high voltage gain, high power, and low cost, and broadening the
application field of switched-capacitor. Chen et al. [40] proposed
aboostresonant switched capacitor converter applied to offshore
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wind energy systems, which realizes the soft switching of all
switches and diodes, and achieves a higher switching frequency
to reduce the volume of the system.

In order to eliminate the voltage ripple of SM capacitor and
realize the voltage equalization among all SM capacitors, this
article proposes a modified switched-capacitors based MMC
(SC-MMC) topology with ripple-power decoupling channels.
Compared with conventional MMC and the existing methods,
the topology scheme has the following characteristics:

1) The power density is greatly improved compared with the
conventional MMC. The ripple power of SMs can be almost
eliminated, and the size of SM capacitor is greatly reduced.
And the cost and power loss of the proposed topology have
not increased significantly.

2) It can realize the automatic balance of SMs voltage, and
achieve the natural suppression of the second-order frequency
circulating current in arms while eliminating the SMs ripple-
power, simplifying the control of MMC.

3) Compared with other power-channel schemes, the switched-
capacitors loop of the proposed topology can eliminate the
ripple-power without any closed-loop control.

The proposed SC-MMC topology scheme will pay some price
while achieving power density improvement and control sim-
plification, including the cost and loss slightly increase caused
by the addition of decoupling channels. In the analysis of this
article, a detailed comparison is made between the proposed
SC-MMC, conventional MMC, and several topologies with
power-channel, including volume, cost, and power loss, etc. And
after analysis and verification, the cost and power loss of the
proposed topology have not increased significantly.

In the next section, the ripple properties of conventional MMC
and the constraints of SM capacitance are described. In Sec-
tion III, the decoupling methods of ripple-power, the SC-MMC
topology, working characteristics, and impedance constraint of
switched capacitors loop, as well as the new capacitance pa-
rameter are analyzed in detail. The configuration assessments of
the proposed SC-MMC are presented in Section IV, including
volume, cost, and control method, etc. In Sections V and VI,
simulation and experimental verification of voltage fluctuation
suppression and self-equalization characteristics of SM capac-
itance are presented. Section VII summarizes the proposed
topology scheme.

II. RIPPLE CHARACTERISTIC OF CONVENTIONAL MMC

The conventional three-phase MMC, shown in Fig. 1(a), con-
sists of six arms, each of which is formed by N series-connected
SMs and one arm inductor. The SM unit is usually composed
of a half bridge and a capacitor in parallel, and there are two
effective working states of the SM, namely the inserted state
and the bypassed state. MMC adjusts the output voltage of the
arm by controlling the state of each SM unit.

The equivalent model of the conventional MMC is shown in
Fig. 1(b), where uy and iy are the ac side voltage and current,
respectively (x stands for a, b or ¢); uyy, Udx, lux, and igx are the
voltage and current of the upper and lower arms, respectively;
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Fig. 1. Conventional MMC. (a) MMC topology. (b) MMC equivalent model
diagram.

Fux and Fy are switch functions of upper and lower arms, re-
spectively; Uqy. and 4. are dc voltage and current, respectively;
L, is the inductance of the phase arm. In order to facilitate the
analysis of the ripple characteristics of MMC, it is assumed that
the SMs have achieved voltage balance under corresponding
control. Due to the imbalance between the three-phase dc volt-
ages, negative-sequence interphase circulating current will be
generated inside the MMC. The internal circulation of MMC is
dominated by second-order harmonic component [8].

The voltage and current of the upper and lower arms in
Fig. 1(b) are expressed as

Uyx = %UdC — Uy cos(wt + 6y)

Ugx = %Udc + Uy cos(wt + 0y)

Tux = %Idc + %Ix cos(wt + @ + Ox) + Iox cos(2wt + Oay)
(

wt + p + 0x) + oy cos(2wt + Ooy)
(D
where Uy is the phase-x voltage amplitude of MMC; I is
the amplitude of the phase-x current; o, is the amplitude of
the second harmonic component of the MMC phase-to-phase
circulating current; w is the angular frequency of the grid; 65
is the initial phase angle of the phase-x;  is the power factor
angle; and 6y is the initial phase angle of the second harmonic
circulating current. According to the relationship of voltages

. 1 1 .
tax = 3lac — 51x cos
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Fig. 2. Schematic diagram of fluctuation content of SM. (a) and (c) Voltage
and FFT analysis of SM. (b) and (d) Current and FFT analysis of SM.

between arms and dc bus and taking the phase-x as an example,

the switch functions of upper and lower arms are as follows:
Flux = = = 1 [1 — gcos(wt + by)] o
Fax = = = 1 [1 4 gcos(wt + by)]

where g is the voltage modulation ratio. From (1) and (2), the
charging current of SM capacitor can be obtained

duens . . . .
Cﬁict - FuxZux = lux_dc + Tux_ac — Ux_dc + 1x_f1
+Z’xff2 + ix7f3 3
Cducdx = Fai s - — ; ( )
—ar dx?dx = %dx_dc + ldx_ac = Ux_dc — Ux_f1
+ixff2 - Z-XJS
where
1
gglx COS(@)
ix_f1 = 11x cos(wt + ¢ + bx) — glac cos(wt + by)

. 1
1x dec = g-[dc -

— iglgx cos(wt — Oy + Oay)
ix_r2 = —591x cos(2wt + @ + 20) + 3 1oy cos(2wt + Oay)

ix_r3 = —191ox cos(3wt + O + fay).

“)
Fig. 2 shows the voltage and current waveforms of MMC
SM and the corresponding FFT diagrams. From (3) and Fig. 2,
it can be known that the capacitor voltage fluctuation of the
SM includes the fundamental, second-order, and third-order
harmonic components. The formula (3) shows that the SM
capacitance C has a negative correlation with the voltage ripple,
and the capacitance constraint in the conventional MMC can be
obtained referring to the existing literature [41], [42]

o1 Unds ll (et ] S
3 ngweu? cos(¢) 2

where u. represents the average value of N SMs capacitor voltage
and g represents the voltage fluctuating rate.

According to (5), the capacitance value of the SM is positively
correlated with the transmitted power, and negatively correlated
with the fluctuation rate of capacitor voltage, that is, the sup-
pression of steady-state voltage fluctuation of the SM is mainly

accomplished by capacitance. In medium- and high-voltage ap-
plications, the capacitance of the SM is in the range of millifarad.
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(a)

Fig. 3. Ripple components in six arms.
(b) Second-order harmonic.

(a) Fundamental frequency.

In [43], the design process of a 2-MW experimental prototype
was introduced in detail, in which the value of SM capacitance
is 4.6 mF. Westerweller et al. [44] described the operation of
a 400-MW power transmission project, and the SM capacitor
design value is 7mF. Electrolytic capacitors are usually used,
which makes the converter system bulky and heavy, and reduces
the power density of system. And in actual projects that require
long-term operation, the electrolyte inside electrolytic capacitor
will cause chemical changes. Through long-term operation, the
electrical parameters of electrolytic capacitors gradually deteri-
orate, reducing the reliability of system [14].

III. IMPROVED MMC BASED ON SWITCHED CAPACITORS
A. Analysis of SM Ripple-Power Decoupling

Under the assumption that the second-order harmonic circu-
lating current has been suppressed (I3x = 0), it can be seen
from (3) and (4) that the input current of the SM includes the
dc component and the ac component, and the ac part mainly
includes fundamental and second-order harmonic components.
Combined with Fig. 3, the following conclusions can be drawn:

1) For the SMs in one arm, all components of the ac current
part have the same phase, and there are only differences
in voltage amplitudes caused by imbalance between the
SMs.

2) For the SMs between the upper and lower arms, the funda-
mental frequency components of the current ripple are in
antiphase, while the second-order harmonic components
have the same phase.

3) For the horizontal SMs, all components of the ac cur-
rent part are three-phase symmetrical. The fundamental
frequency components in horizontal SMs are in positive
sequence, and the second-order harmonic components are
in negative sequence.

From the phase relationship of ripple-power between differ-
ent arms, two decoupling schemes as shown in Fig. 4 can be
obtained. When the decoupling method as shown in Fig. 4(a)
is adopted, it can be seen from the formula (6A) that the
fundamental frequency components of the ripple current in the
vertical SMs of the MMC cancel each other after decoupling,
leaving second-order harmonic component. When using the
decoupling method shown in Fig. 4(b), it can be seen from the
(6B) that the ripple currents of the three-phase horizontal SMs
compensate and cancel each other after decoupling because of
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Fig.5. Proposed SC-MMC. (a) SC-MMC topology. (b) Improved submodule.

their three-phase symmetry

iuxfac + idxfae = 27;XJZ (6A)

Z'ua_ac + Z'ub_ac + Z.uc_ac =0

‘ . ‘ (6B)
Ida_dc T+ tdb_dc T idc_dc = 0.

B. Topology of SC-MMC

In view of the ripple characteristic of the conventional MMC
and the defects caused by large size capacitor as analyzed in
the previous section, as shown in Fig. 5(a), this article proposes
a switched-capacitors based MMC topology with ripple-power
decoupling channels, which can greatly reduce the size of SM
capacitors. On the basis of the SM formed by the half-bridge
parallel capacitor in the conventional MMC, the capacitor is
disassembled into two capacitors in series, and the other half
bridge is added to form a switched-capacitor bridge (SCB),
constituting a new improved submodule (I-SM), as shown in



TENG et al.: OPTIMIZATION SCHEME BASED ON HIGH-FREQUENCY LINK INTERCONNECTION OF SUBMODULES

+ Gl + Cal

Uepi

G|

Ueei

Ce|

ki Conl

Ueej

C‘J_Zl_

___________________________

-

yeD)

l/ja)gL,z 1/ja,L,
| |

i

e

SC-HFL, 3Gl SC-HFL,

Fig. 6. Schematic diagram of switched-capacitors loop. (a) Switched-
capacitors circuit. (b) Equivalent admittance model of I-SMs. (c¢) Voltage bal-
ancing process of capacitors.

Fig. 5(b). The windings on the primary side of transformer
interconnect the horizontal three SMs of MMC, and the windings
on the secondary side of all transformers are connected in par-
allel through a common bus (CB), providing power decoupling
channels based on the switched-capacitor high-frequency link
(SC-HFL) for all I-SMs of the three-phase six-arm MMC.

C. Analysis of the Switched Capacitors Based Ripple-Power
Decoupling and Voltage Balancing of SMs

In order to replace the large size capacitor of the conventional
MMC, an auxiliary circuit based on the SC-HFLs is introduced
to the conventional SM as shown in Fig. 6(a). The SC-HFLs
share the same drive signal source with fixed frequency and
duty ratio, so the SMs can present the switched-capacitors
characteristic. The auxiliary circuit can not only achieve the
suppression of the ripple voltage, but also provide an active
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power transmission channel for the voltage imbalance between
the SMs.

It can be known from (3) and Fig. 3 that the ripple currents
in I-SMs are three-phase symmetrical. Therefore, if the ripple
currents can flow freely between the three-phase SMs, they will
cancel each other out, helping to eliminate the SM ripple-voltage
(including the fundamental, second-order and third-order har-
monic components). The elimination of the ripple-voltage in
SMs means that there is no longer second-order frequency ripple
in the single-phase dc voltage. Therefore, the second-order
harmonic circulating currents caused by the ripple-voltage in
negative sequence between the three phases is also eliminated.
This helps to decrease the current stress of the power devices, at
the same time reduces the loss caused by the circulating current.

Take one upper arm I-SM of phase-x as an example for analy-
sis. An equivalent admittance model is established for describing
the transfer of the ripple current iyy,c, as shown in Fig. 6(b).
L, is the inductance designed for the switched-capacitors loop,
which is realized by the leakage inductance of transformer. The
equivalent admittance can be obtained

Y1 = jwoC

jwoC[6n—1—(18n—1)wp?L,C)| D

Y2 = 24n(wo2 L, C) % (12n+ D)wo2 L, C+1

where Y7 is the admittance of SM; without SC-HFL, Y rep-
resents the equivalent admittance of the secondary side, and
wo is the equivalent angular frequency. From the equivalent
admittance model, it can be obtained that the current ripple
components of the SM flowing to its own capacitor and the
secondary side are as follows:

24n(wo2L,C)°—(12n+1)w? L, C+1 .
6n[4(wo2L,C)*—5wp2 L, C+1]
6n—1-(18n—1)wo?L,C .

6n[4(wo2 L, C) 2 —Bwg2 L, C11] Luxac:

Yy

Y, 1Y, buxac =

luxacl = uxac

. Yy -
buxac2 = y, 1y, buxac =

®)

It can be seen from the above formula that when the leakage

inductance is close to zero, the ripple current of SM will almost

completely flow to the SC-HFL, and then cancel each other out.

In the case that the SM voltage ripple has been significantly
suppressed, the SC-HFL transferred power can be obtained as

PHFL = Ucuxluxac2
6n —1— (18n — 1)wo?L,C  Uge .
~ — Tuxe
6n[4(w02LrC)2 — bwo?L,C +1] n fac

6n—1— (18n — Dwo?L,C U, 1
= " ( 2” Jwo e |_ =gl cos(wt + 6y)
6n[4(we?L,C)” — bwo?L,C +1] n 6

1 1
+ ZIX cos(wt + ¢ + 0x) — Zglgx cos(wt — Oy + Oay)

1 1
— gglx cos(2wt + ¢ + 20) + §ng cos(2wt + Oay)

1
— ZgIZX cos (3wt + Ox + Oax) | - 9)
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Due to the three-phase symmetry between the ripple power
in the horizontal SMs, they cancel each other out, and due to
the switching-capacitors characteristic, the horizontal three SMs
voltages will be automatically balanced first. The imbalance of
the capacitor voltage mainly occurs between the vertical SMs,
which is addressed by the CB connecting SC-HFL units. In order
to simplify the description process of voltage balance between
vertical SMs, three horizontal SCBs are equivalent to one SCB,
as shown in Fig. 6(c).

Any two SC-HFLs can be used to describe the capacitors
voltage automatic balancing process between vertical SC-HFLs.
Taking SC-HFL; and SC-HFL,;, for example, when the voltage
of C; is higher than Cj, that is, u.; > u.;, the energy path from
C; to Cj is shown in Fig. 6(c). The transformer turns ratio is 1:
1. When u.; > u.;j, the current flows from C; through the two
SC-HFLs into C;. SC-HFL; works in a square wave inversion
mode, and SC-HFL; works in a rectification mode. The energy
transfer ends when the two SC-HFLs have the same bus voltage.
The whole process is carried out by SC-HFLs autonomously,
without additional system control.

D. Impedance Constraint Analysis of Switched-Capacitors
Loop

The realization of SC-MMC ripple-power elimination and
voltage self-equalization functions relies on the autonomous
flow of energy caused by the voltage difference between SMs.
According to Fig. 6, while the switched-capacitors loop param-
eters difference is within the reasonable range, the equivalent
circuit of SC-HFLs is obtained as shown in Fig. 7. u.; is the
capacitor voltage of SMi. u, is the average voltage value of the
SMs capacitors, and it can be drawn that u .~Uq./n in the case of
minimal power loss. R; is the equivalent resistance in the power
channel including the ON-state resistance of diode and IGBT, as
well as the resistance of high frequency transformer. L; is the
leakage inductance of the high-frequency transformer.

By applying the KVL theorem, it can be obtained within half
a switching period

di; )
LiSE 4 Riis + e = u, (10)
dt
where
dug;
.i = bci - 'aci =C = 'aci- 11
) ) ) T ) (11)

The i,.; is the input current of SM, which can be regarded as
a constant during the switching period of SC-HFL. Substituting
(11) into (10) yields
d2 Uci & duci
dt? L; dt

Uci
+ J—

Ue + Riiaci
L,C '

L,C

12)
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The solution of (12) contains two parts: transient response
uci_t (t) and steady-state response u¢;_s (t)

Ueq (t) = Ucj ¢ (t) + Uei s (t) (13)

In order to simplify the solution process of transient response,
the exponential form is adopted, and

Uei ¢ (t) = Ae™ (14)

where A and s are constants, which can be obtained from the
initial state parameters of the system. In the case of u.+R;iac;
= 0, substituting (14) into (12) yields

d?Aest R; dAest  Aest
— =0. 15
w I, @ oL (1>
Further solving, the following can be obtained:
R; 1
st 2 i3 _
Ae (s + Lis + LiC’> 0. (16)

Two solutions of the second-order system can be obtained

s1=—a+Va? —wrc? 0
$9 = —a— Va2 —wrc?
where
(18)
wrc = 1/\/LZC.

It can be seen that there are two solutions in the transient
response

Uei ¢ (t) = A1t 4 Age®?t, (19)

In the SC-HFL loop, R; is the equivalent circuit resistance,
and its value is relatively small. Therefore, the loop works in an
underdamped state, with o < wy, ¢, thatis, C < 4L;/R;. Equation
roots can be obtained

{81 = —a+ jwq

So = — — jwq

(20)

where wq = /(wr,c?-a?), which is the damping frequency of
SC-HFL loop. With the Euler Formula, (19) can be rewritten

2y

Uei ¢ (t) = (By coswgt + By sinwgt) e **
where By = A1+Ag, Bo = A1—A2. The steady-state response
Uei_s(t) = uc+Riac; and the general solution of capacitor volt-
age can be obtained

Uei (1) = (Ue + Riiaci) + (B1 coswgt + By sinwgt) et
(22)
The theoretical curves without considering the parameters of
the I-SMis shown in Fig. 8. The charging and discharging current
of C; can be obtained from (11)

ici(t) = Ce “[(—aB; + Bawg) cos wgt

— (aBg + Biwg) sinwgt] (23)
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where the time constant 7 = 1/a, resonance period Tq = 27/wq,
and then

= —

yAdd — —  /—/—.
R; V4L, — R;2C

In order to ensure the safety of voltage and current stress, it is
necessary to analyze the corresponding parameter constraints.
When u.; = (1+¢)u., the attenuation characteristic of the expo-
nential function shows that |u.-u.;(¢)| will be less than 1% of the
initial value after five time-constant, and the following formula
can be obtained:

(24)

Li 1

R = 20f

When the switching frequency of SC-HFL changes, the
leakage inductance parameter constraint of the high-frequency
transformer satisfies (25), which can realize the fluctuating
power natural elimination and voltage self-balancing of the SM
capacitor. At the same time, the resonance period should be less
than half of the switching period to ensure that there will be no
large current peak when the switching state is switched, that is

2/ CL;m 1
< .
VAL, — R2C [

To find the maximum value of i;(t), rewrite (23) as

ici (1)

(25)

(26)

= Ce_o‘t\/(a2 + wy?)(B1? 4 Bo?) sin(wqt + arctan X)

(27)
where
B B
_ob2 + Biwd (28)
OzBl — ngd

During the switching period, the capacitor voltage and leakage
current in the switched-capacitors loop are shown in Fig. 8. The
current peak will appear at the following moments:

T arctan X

t= — — ——. (29)
QUJd wqa

At this time, the peak current can be obtained

ici_max — C\/(OZQ + wd2)(Bl2 + B22)67Q(ﬁ,arciadnx)
(30)
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where By and B can be obtained by u.;(0) and i;(0), respectively,
corresponding to the real-time SM capacitor voltage and input
current.

E. Analysis of I-SM Capacitance Constraint

According to the above analysis, after the SCB transfers the
ripple power in the SM to the SC-HFL, the capacitor C; only
deals with the high-frequency switching harmonics generated
in SM. Since the SC-HFL switching frequency is much higher
than SM, the switching harmonics absorbed by the capacitor
are mainly determined by the switching frequency of SM half
bridge. Considering that about 1/6n of the switching harmonic
current generated in SM flows into Cj, the C; in each switching
cycle of charging energy defined as AE., can be obtained

AEC - iuxaclfmaxDsm/fsm

where Dy, is the duty cycle of the SM switching tubes, and its
maximum value is equal to the voltage modulation ratio g, and
the capacitor voltage ripple formed by AE, is

€1y

cu. = AEC _ giuxacl_max
¢ Cz Otf sm

Ignoring the second-order harmonic circulating current /5y in

the system, the capacitance C; of the SM in SC-MMC can be

obtained from (3), (8), and (32)

(32)

Tie 1, 1
C; = [ 242 = . 33
6eU4c fsm ( Gg 2 cos gog + cos @) (33)

IV. ASSESSMENT OF THE PROPOSED SC-MMC
A. Assessment of Volume and Cost

In terms of the number of system components and power
density, referring to the comparison method of power density
between conventional MMC and new MMC topologies in [45],
this article compares the system volume from the aspects of
switching devices, high-frequency magnetic components, and
SM capacitors. In order to facilitate the device selection for
an engineering application platform, under the premise that the
overall structure of the research case remains unchanged, the
power rate level is increased by 10 times on the basis of the
simulation case, that is, the 12 kV/12 MW system is taken as an
example for analysis. Since the number of SMs is the same in
both topologies, the comparison contains only one SM.

For the selection of half-bridge switching devices in
SM, 5SNA1200G450300 single-tube IGBT module with
4500 V/1200 A power rating is selected, and its unit volume is
1.28 dm? [46]. For the selection of half-bridge switching devices
in SC-HFL, the 5SNA0650J450300 single-tube IGBT module
of 4500V/650A is selected, and its unit volume is 0.87 dm?> [47].
The above two models of IGBT are all from ABB. Therefore,
the volume occupied by the switching device in the SM of the
conventional MMC is 2.56 dm?, and that in I-SM of proposed
SC-MMC is 4.3 dm>. The cost of IGBTs for the conventional
MMC is 2589.2 USD and for the proposed SC-MMC, it is
4508.2 USD. The heat sink design matching the IGBT module
is calculated referring to the research in [48]. The heat sink
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volume of the conventional MMC SM is about 10.2 dm?, and
the required heat sink volume of the SC-MMC I-SM is about
17.2 dm?.

The decoupling of I-SM ripple power in SC-MMC needs to
be isolated. In the research case, a 3-kV/400-A high-frequency
transformer needs to be designed in I-SM. Based on the exist-
ing research on the design of high-power and high-frequency
transformers [49]—-[51], this article calculates the volume of the
component in this case, which is about 34 dm?. Therefore,
the volume of the magnetic components in each I-SM cell
of the SC-MMC is approximately 11.3 dm®, and the cost is
about 2797.6 USD taking into account quotations from several
manufacturers.

Taking +5% capacitor voltage ripple as the standard, the ca-
pacitance value of SM in the 12 MW study case can be obtained
from (5) and (33), the required capacitance in the conventional
MMC is 7.2 mF, and in SC-MMC is 71 pF. In order to improve
the power density of the system, electrolytic capacitors are usu-
ally used when selecting the SM capacitor types of conventional
MMC [52]. Y. Zhang of Aalborg University proposed that the
MMC engineering system has higher requirements for reliability
and should seek to replace electrolytic capacitors with thin-film
capacitors [53]. In order to evaluate the power density of the
proposed topology more comprehensively, this article separately
calculates the size of the SM using electrolytic capacitors and
film capacitors.

When the conventional MMC adopts electrolytic capacitors
(E-MMCO), since the electrolytic capacitors have the limitation of
lower rated working voltage, it is necessary to use multiple sets
of capacitors in series and then parallel to meet the requirements
of voltage and capacitance. In this article, the LNX2H123MSEK
capacitor cell from Nichicon with 500 V/12 mF power rating is
selected, which volume is 1.73 dm? [54]. Six capacitor units
are connected in series to form a group, and then four groups
are connected in parallel to form an SM capacitor. So when
electrolytic capacitors are used, the capacitance volume of one
SM of E-MMC is 41.5 dm?, and the cost is 6731.7 USD.
When the conventional MMC adopts film capacitors (F-MMC),
TDK high-voltage capacitors with rated voltage of 3 kV and
peak voltage of 4.5 kV are selected as the research object. In
the conventional MMC, 18 capacitors B235680B3407K003 of
400 pF are required to be used in parallel, with a unit volume of
5.3 dm?, so the total volume of capacitors in an SM of F-MMC is
95.4 dm?, and the total cost is 4758.7 USD. In SC-MMC, choose
two 3000 V/140 pF capacitors B25680B3147K003 with volume
0f 9.6 dm? [55] to form a capacitor half-bridge, which costs 164.8
USD. It can be seen that the reduction of SM capacitance greatly
reduces the overall volume of the system, which is beneficial to
the power density design of the system.

Fig. 9 shows the volume comparison result of the main
components in one SM between the conventional MMC and
SC-MMC. The result shows that the volume of SC-MMC is
decreased by 26.5% compared to E-MMC, and 63.1% compared
to F-MMC. Moreover, the contents in Fig. 9 are only the main
components in SM (switching devices, heat sink, transformer,
and SM capacitor), excluding the detection circuit, etc., and
corresponding detection circuits should be configured for the
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Cost comparison of SM both in conventional MMC and proposed

suppression of circulating current and the balanced control of
capacitor voltage in the conventional MMC. The significant
reduction in the volume of the main components would signif-
icantly increase the power density of the system design. At the
same time, the cost of the I-SM has not risen obviously as shown
in Fig. 10, and because high-voltage electrolytic capacitors are
difficult to manufacture, the cost of the proposed SC-MMC has
been reduced compared to E-MMC.

B. Combined Submodule Design

In order to further evaluate the practical engineering value
of the proposed SC-MMC, this article proposes the system
configuration structure as shown in Fig. 11. Three I-SMs in the
same position of three phases are integrated to produce a new
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combined submodule, as shown in the gray area in Fig. 11. The
parasitic parameters of the high-frequency link in the combined
structure are consistent, and the modularization degree is higher
than that of the traditional three-phase parallel structure.

For the redundancy strategy of the proposed SC-MMC, the
feature of only bypassing one fault SM does not remain, the
asymmetric operation cannot be achieved for the proposed topol-
ogy. When one SM is bypassed due to fault, so does the two SMs
in the other two phases simultaneously to avoid the problem of
asymmetrical three-phase operation, that is, a group SMs as a
unit is bypassed, including the horizontal three SMs.

C. Comparison With Other Power Channel Methods

In order to highlight the characteristics of the proposed decou-
pling method of ripple-power based on the switched-capacitors
structure, this article compares the SC-MMC topology with
conventional MMC and several existing decoupling schemes
[31], [33]-[35] in detail, and the results are shown in Table 1.

The control of power decoupling channels is the most impor-
tant difference between SC-MMC and existing schemes, that
is, without relying on any closed-loop control, it realizes the
free decoupling of ripple-power by designing the parameters of
switched-capacitors loop under the simplest open-loop control
with fixed frequency and duty ratio. At the same time, the added
common bus makes all SMs clamped to each other, which brings
the effect of SMs voltage automatic balance, while in conven-
tional MMC and the existing power decoupling schemes, it is
still necessary to design voltage balancing closed-loop control
separately. Although the common bus brings some insulation
problems, it can improve the security of the system by designing
the corresponding fault response scheme. In the multimodule
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TABLE I
CHARACTERISTICS COMPARISON BETWEEN PROPOSED METHOD AND
OTHER METHODS

MMC [31] [33] [34] [35] SC-MMC

Ripple decoupling

closed closed closed closed open
control loop
Low frequency
. all even even none none none
SM ripple-voltage
SM voltage
. yes yes yes yes yes no
balancing control
Number of SM
o 2 4 4 4 6 4
switching tubes
Number of SM
L 1 1 1 1 1 0
switching sensors
Number of
0 1/2 1/2 1/3 1 1/3

Transformer

system, the open-loop control of SMs greatly saves the comput-
ing resource of the control center, reduces the cost, and improves
the reliability of the control system.

In the conventional MMC, the voltage ripple components of
the SM capacitor contain all low-frequency ac components. In
the ripple-power decoupling schemes between upper and lower
arms described in [31] and [33], there will be even frequency
components left in the SM ripple voltage, and in the decoupling
schemes proposed in [34] and [35] and this article, all ripple
components will be completely eliminated theoretically. The
power decoupling channel inevitably leads to the increase of
components, mainly including switching tubes and magnetic
components. Compared with the existing schemes, the number
of components added in SC-MMC is still the least.

D. Comparison With Other Improved MMC Topologies

In order to further evaluate the value of the SC-MMC pro-
posed in the study, this article compares the SC-MMC with two
other existing improved MMC topology schemes, respectively,
the FC-MMC proposed in [28] and APF-MMC in [29], mainly
including volume and cost, efficiency, as well as control com-
plexity.

From the perspective of components size and cost, FC-MMC
does not provide an explanation of the reduction range of SM
capacitor voltage fluctuations and the constraints of new capaci-
tor parameters. The decoupling method of FC-MMC constructs
power channels for the upper and lower arms. According to the
principle of the formation of SM capacitor voltage fluctuations,
the fundamental frequency component therein will cancel each
other, and the capacitance value will be reduced to about 1/4 of
the original value. In APF-MMC, the ripple power is suppressed
by adding an APF to each phase unit, and the capacitance value is
reduced by about 50%. The above two schemes can significantly
reduce the volume and reduce the cost of the system without
adding many components. Due to the addition of switching
devices and high-frequency transformers, the cost of SC-MMC
proposed in this article is slightly increased. But capacitance
value of the SC-MMC proposed in this article can be reduced
by two orders of magnitude, and the overall volume reduction
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TABLE II
PARAMETERS OF MODEL 1 AND 2

MMC parameters

Parameters Model 1 Model 2

DC voltage/ Uge 12kV 12kV
Line to line voltage/ U, 6kV 6kV

Rated active power / P 1.2MW 1.2MW
Fundamental AC frequency /f 50Hz 50Hz
PWM carrier frequency /f; 2kHz 2kHz

Number of SMs per arm /n 4 4
SM equivalent capacitance /C 1200uF 10uF
Arm inductance /L 10mH 10mH
SC-HFL parameters

Transformer turns ratio 4:4:4:1
Leakage inductance /L 9uH
Switching frequency /f) SkHz

is the most obvious compared with FC-MMC and APF-MMC,
significantly increasing the power density of system.

From the perspective of efficiency, FC-MMC and APF-MMC
can not only suppress the voltage fluctuation of SM capacitor,
but also reduce the power loss of the second-order frequency
circulation on the SM switch devices to a certain extent, which
improves the overall efficiency of the system. The SC-MMC
eliminates the second-order frequency circulating current of the
arms while eliminating the SM voltage fluctuation, thus avoiding
the power loss caused by it. However, the added power channel
will bring the additional loss, thus reducing the overall system
efficiency slightly. The efficiency data curve of SC-MMC is
given in the experimental section.

From the perspective of control complexity, both FC-MMC
and APF-MMC can suppress the arm circulating current to a
certain extent, reducing the demand for its control strategies, but
the SM voltage equalization control of the MMC is still required
for the two topologies. The SC-MMC topology proposed in
this article not only can realize the natural suppression of SM
voltage fluctuations and arm circulating current, but also realize
the automatic equalization of SMs voltage. The added power
channel adopts the simplest fixed frequency and fixed duty cycle
open-loop control, which significantly simplifies the control of
MMC system.

V. SIMULATION VERIFICATION
A. Simulation Model

In order to verify the performance of the small size capacitor
MMC with voltage self-equalization function proposed in this
article, two sets of three-phase five-level MMC simulation mod-
els are built in the PLECS software. The simulation parameters
of the models are shown in Table II.

Model 1: Three-phase five-level conventional MMC, half-
bridge SM, using large-value electrolytic capacitors. The mod-
ulation method adopts carrier phase shift SPWM with voltage
equalization control.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

DC voltage controller  AC current controller

:'o';'; """""""""" \ f«; ............. * :”EI"‘S‘-“: Ssm
E 48 PWM; MMC
\ d Voltage- T

banlancing
control

(a)

AC current controller
p

DC voltage controller
% K
Ve

Y emmmmeeeal

%
X

MMC

‘
"
.
'
'
'
.

ceemmenan,

.

% pwm oty FBHFL

.........

(b)

Fig. 12.

£=40.9%

v

AR

Voltage(kV)
w

&)
©

(=]
>®

Time:[10ms/div]

(a) (b)

Time:[10ms/div]

Fig. 13.  Voltage waveforms of all SMs. (a) Model 1. (b) Model 2.

Model 2: Three-phase five-level SC-MMC, improved SM,
using small-value thin film capacitors. The modulation method
adopts carrier phase shift SPWM, without voltage equalization
control.

The control schemes of Model 1 and 2 are shown in Fig. 12.
The overall control methods of the two models are basically
the same, and the difference is whether SM voltage balancing
control is added.

B. Simulation Results

Figs. 13-15 show the comparison of simulation results of
Model 1 and Model 2 under steady-state conditions. The
simulation results in Fig. 13 show the good effect of Model 2
on SM voltage ripple suppression. In the conventional MMC
topology of Model 1, the suppression of voltage fluctuation
of SM capacitance depends on large size capacitance. In the
SC-MMC topology of Model 2, the value of SM capacitance
can be greatly reduced, and the use of thin-film capacitance can
achieve a good ripple suppression effect. Fig. 14 is comparison
diagram of the arm voltage simulation waveforms of Model 1
and Model 2, and it can be seen that the arm voltage in Model 2 is
more symmetrical. Due to the existence of the power decoupling
channel between SMs, most of the harmonic currents cancel each
other after passing through the SC-HFL, so the arm voltage
in Model 2 has less harmonic content. Fig. 15 is comparison
diagram of the arm currents in Models 1 and 2, as well as
the corresponding FFT results. It can be seen that Model 2
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has an obvious inhibitory effect on the second-order harmonic
current in the arm. According to the analysis in Section II,
the second-order harmonic current component in bridge arm is
formed by the three-phase negative sequence voltage of MMC,
which will increase the switching loss and ON-state loss of
the arm switching devices. The proposed SC-MMC effectively
inhibits the generation of second-order circulating current in
arms, and this is good for improving the efficiency of system.

According to the analysis in Section III, it can be seen that SC-
MMC topology has SM voltage self-equalization characteristic.
In order to verify its function, simulation analysis is carried out
for Model 1 and Model 2 without voltage balancing control,
and balanced factors (such as the inconsistency of capacitance
parameters) are added to the model. The simulation results are
shown in Fig. 16. Under the premise of no balancing control in
Model 1, SM voltages show a divergent state. Model 2 has good
SM voltage self-equalization characteristic without balancing
control.

Fig. 17 shows the simulation results of Model 1 and 2 under
the dynamic condition. It can be seen that due to the small
capacitance used in Model 2, the response speed of the con-
verter system is faster when the operating condition is suddenly
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(a)—(c) MMC: Voltage and current at HVac side, voltage, and current at HVdc
side, and voltage of SM. (d)—(f) SC-MMC: voltage and current at HVac side,
voltage, and current at HVdc side and voltage of SM.

changed. Therefore, the SC-MMC topology scheme has better
dynamic performance.

VI. EXPERIMENTAL VERIFICATION
A. Experimental Results

In order to further verify the performance of the proposed
SC-MMC topology, this article builds a down-scaled experi-
mental platform. The photograph of the experimental platform
is shown in Fig. 18. Since the ripple power decoupling scheme
proposed in this article is applicable to MMC structures with any
number of SMs, this article verifies the SC-MMC structure with
one SM structure experimentally. TMS320F28335 from Texas
Instruments is used in this platform, and the platform parameters
are shown in Table III. The capacitance of the SM is a thin-film
capacitor with the value of 9.4 pF.

Fig. 19 shows the working waveforms of the high-frequency
transformer in horizontal I-SMs. SC-HFLs adopt the open-loop
drive signals with the same switching sequence and frequency,
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TABLE III
PARAMETERS OF EXPERIMENTAL PLATFORM
MMC parameters
Parameters Value
Rated active power / 1.2kW
DC voltage/ Uge 240V
AC current/ I, 5.6A
SM equivalent capacitance /C 9.4uF
SM capacitance voltage /u. 240V
Fundamental AC frequency /f 50Hz
PWM carrier frequency /fc 2kHz
Arm inductance /L 1.2mH
SC-HFL parameters
Transformer turns ratio 2:2:2:1
Leakage inductance /L, 4.3uH
Switching frequency /f} 20kHz
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Fig. 19. Operating waveforms of SC-HFL. (a) Experimental waveforms of
high frequency transformer. (b) ZVS of switches in SC-HFL.

so that the ripple-power can be transmitted freely among three
I-SMs to achieve the purpose of mutual decoupling and cancel-
lation. Fig. 19(b) shows that the switching devices in SC-HFL
have good ZVS characteristic. When the voltage of the vertical
SMs is imbalanced, according to the analysis in Section III-C, it
can be known that the CB will transmit active power to realize
the automatic balance of the SMs voltage, as shown in Fig. 20.

As shown in Fig. 21, the SC-HFL input current waveforms
under steady-state operation verify the ripple characteristics
and the ripple power decoupling analysis in Section III-A.
If the ripple-power decoupling method in Fig. 4(b) is used,
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the horizontal SC-HFL input currents iya_ac2, fub_ac2, and
Tuc_ace Will all be coupled after isolation. The fundamental and
second-order harmonic components in the ripple current are
both three-phase symmetrical, and will completely be cancelled
out after decoupling. Therefore, the capacitor in I-SM will no
longer assume the task of suppressing voltage fluctuations.

Fig. 22 shows the experimental waveforms of capacitor volt-
age of SM. When the capacitor is 9.4 pF and the system is
working at rated power without the SC-HFL, the ripple rate of
SMs capacitors voltage is about 67%. The voltage difference
between the three-phase horizontal SMs is 26.4 V, and the
voltage deviation rate is 11%. When the SC-HFL is connected,
Fig. 22 shows that the ripple current that produces voltage ripple
on the SM capacitor is transferred to the secondary side, and
after the mutual decoupling of horizontal SMs ripple-power, the
capacitor voltage ripple is only +0.7%. Moreover, the voltage
imbalance of SMs is only 2.8 V. Experimental results show
that the SC-MMC topology scheme has a good performance on
suppressing SM capacitor voltage ripple, and it can also realize
the voltage self-equalization among all SMs.

Fig. 23 shows the current waveforms of the upper and lower
arms in phase-A. It can be seen that while suppressing the
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Fig. 25. Dynamic experimental waveforms in grid-connected state when
power switches (a) from 100% to 50% and (b) from 50% to 75%.

SM capacitor voltage ripple, the SC-MMC topology effectively
eliminates the second-order harmonic circulating current of
MMC phase arm. Fig. 24 shows the experimental waveforms
of SC-MMC on the ac side. With the help of the SC-HFL, the
voltage ripple of the AC side is reduced to as the same as the
capacitor voltage fluctuation. Moreover, the harmonic current
content is eliminated somewhat by decoupling with each other
between interconnection SMs, so the harmonic in the ac side is
correspondingly decreased.

The waveforms shown in Figs. 25-27 are the dynamic ex-
perimental results, including the power switching process in the
grid-connected state, the voltage jump process at the ac and
dc sides. Fig. 25 shows that when the grid-connected power
is switched between 100%, 50%, and 75%, the submodule
capacitor voltage change is almost negligible, indicating that the
ripple-power decoupling process between SMs is not disturbed.
Figs. 26 and 27 show that when the ac and dc port voltage
jumps, the ripple-power decoupling process is also not affected.
The experimental results show that the ripple-power decoupling
scheme has good performance in the dynamic process.
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Fig. 28.  Efficiency plots of hardware prototype.

B. Efficiency Comparison

The power decoupling channel added in SC-MMC will in-
evitably bring additional power loss, but it will also reduce
the switching loss and ON-state loss caused by the second-
order frequency circulating current of the bridge arms. And the
significant reduction of SM capacitance will also reduce the
capacitor loss accordingly. Huang et al. [34] gave an efficiency
comparison between the injection and power channel methods,
which are 96.77% and 96.86%, respectively, and there is no
obvious difference between the two methods.

In the experiment process of this article, the efficiency data
of the conventional MMC and proposed SC-MMC were tested,
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respectively, and the efficiency of SC-HFL was tested separately.
The plots are shown in Fig. 28. In the SC-HFL operating mode
designed in this article, the switching devices of the power
decoupling channel can realize zero-voltage switching (ZVS),
thus reducing the switching loss of the decoupling loop. From
(15), the proportion of SC-HFL processing power to the total
system power can be estimated, and then the additional power
loss of the power channel can be calculated, which is consistent
with the total system power loss shown in Fig. 28.

VII. CONCLUSION

In this article, a modified switched-capacitors based MMC
(SC-MMC) topology with ripple-power decoupling channels
has been proposed to realize the cancellation of ripple-power.
The ripple characteristic of the conventional MMC and the
constraint characteristic of SM capacitance has been analyzed.
The proposed SC-MMC topology, the power characteristics of
the switched-capacitors, the impedance design of the switched-
capacitors circuit-loop are described in detail, and the configu-
ration assessments including volume, cost, and power loss of the
SC-MMC are also analyzed. Compared with the conventional
MMC, the proposed SC-MMC has main advantages in the
following aspects.

1) The power density is greatly improved compared with
the conventional MMC. The ripple-power of SMs can
be almost completely eliminated, and the size of SM
capacitor is greatly reduced.

2) It can realize the automatic balance of SMs voltage, and
achieve the natural suppression of the second-order fre-
quency circulating current in arms while eliminating the
SMs ripple-power, implying the control of MMC system.

3) Compared with other power-channel schemes, the SC loop
of the proposed topology can eliminate the ripple-power
without any closed-loop control.
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