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Abstract

Nonagonal modular multilevel converter (MMC) is a three-port AC-AC converter promising
as a soft open point (SOP) to connect different AC feeders or buses in distribution networks,
owing to its flexible power control, transformerless structure, low power component count and
its capable of accommodating multiple AC ports of different frequencies. An SOP should be
able to work under port reduction condition which is often encountered when maintenance is
required or the network structure is reconfigured. However, as a component reuse converter of
circular structure, nonagonal MMC cannot turn off one or some of its branches to achieve this.
To address this issue, a control scheme is proposed in this paper to enable nonagonal MMC to
operate under port reduction condition by switching the nonagonal MMC to a hexagonal MMC
which is an AC-AC topology of a similar circular structure but has only two ports. Without
inserting extra switches, the nine branches of nonagonal MMC iis redistributed into six branches.
By alternately operating the submodules, no submodules need to be shut down, reducing the
submodule capacitor voltage fluctuation during port reduction operation. RTlab results verify
the feasibility of the quasi-hexagonal topology and the effectiveness of port reduction control.
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11 INTRODUCTION

The discontinuity nature of renewable energy sources and its increasing penetration in power grid is a great challenge for the stable
operation of distributed networks. 23 Further complicated by power loads such as electric vehicles, the distribution network is
likely to suffer from unbalanced voltages, uneven power distribution, higher peak and fault currents. To ensure the stability, power
quality and efficiency of the network, soft open points (SOPs) are implemented. 4 Power converters with high efficiency and
modularity are explored as possible SOP topologies with a power level fit for distribution networks. ¢

To achieve the aforementioned aims, many power conversion topologies have been proposed in the literature. As a relatively
mature high-power topology, the cascaded H-bridge multilevel converter is made up by cascaded H-bridge submodules each with
an AC/DC front-end connected with isolated low-voltage inputs. 78 However, it requires a multi-winding transformer to obtain the
multiple isolated low-voltage inputs needed, which greatly increases the cost and power loss. % Compared with cascaded
multilevel converters, modular multilevel converters (MMC) do not require multiple isolated low-voltage ports as inputs, hence
eliminating the need for multi-winding transformers. 1* Modularity, scalability, low power losses, and low harmonic distortion are
some of the notable features that recommend MMC for high-power applications (static synchronous compensators, medium-
voltage motor drives etc.). 233 Furthermore, MMC can be configured to perform AC/AC conversion and connect different AC
feeders or buses of a distributed network. * Two MMCs can form an indirect AC/AC converter by sharing a high-voltage DC link,
which is named as back-to-back MMC. Back-to-back MMC can both avoid the transformer and accommodate higher voltage due
to its modular design, but the high-voltage DC link would reduce the low frequency performance. 415 Besides, the application of
back-to-back MMC on distribution networks is very restricted by cost, footprint, reliability and power losses. In comparison, direct
AC/AC converter is an attractive alternative to the back-to-back converter.

Modular multilevel matrix converter (M3C) is a typical direct AC/AC converter. It is made up by nine branches connected in 3
x3 configuration, each branch consisting of multiple H-bridge submodules cascaded together. ¥ In [18], M3C is used in FFTS and
a zero-sequence current mitigation controller for M3C is implemented and tested. In addition, M3C have high redundancy and can
maintain operation of both AC ports in the condition of branch failure. 1° In comparison with M3C, hexagonal MMC can achieve
direct AC/AC conversion using only six branches instead of nine, which greatly reduces equipment volume and production cost.
20|t is attractive as an SOP connecting two three-phase systems due to its simplicity. ¢ In [19], the hexagonal MMC is considered
as an alternative of M3C under branch failure, and the transition from M3C to hexagonal MMC is discussed in [21]. In [22], a



branch voltage balancing control is proposed that uses zero sequence voltage and hex-loop circulating current to ensure DC voltage
stability. In [23], a circulating current suppression control is proposed for it to attenuate the circulating current flowing in the
branches and reduce submodule capacitor voltage fluctuation. A nonagonal MMC is proposed in [24], [25] based on the dual-port
hexagonal MMC. By adding three branches in the loop structure, the nonagonal MMC is able to accommodate three AC ports. It
retains hexagonal MMC’s superiorities in size and low frequency performance, while further enhances its advantage in power
component count. The nonagonal MMC is a competitive SOP topology. 26 However, the research on this topology is still in the
initial state. Current literatures studying nonagonal MMC focuses mostly on attenuating the current stress [26] and submodule
capacitor fluctuation [27] to further enhance its advantage in cost, but has not discussed extensively the problems it would
encounter when used in industrial application.

As an SOP topology, the converter should be able to operate under port reduction condition in case of network reconfiguration.
4 For an SOP without component reuse, it can be achieved by turning off the branches corresponding to the offline port. 2 However,
nonagonal MMC faces three challenges:

1) Component reuse: 2° Nonagonal MMC is a component reuse topology, all nine branches participate in the energy transfer of
any two ports.

2) Loop structure: Nonagonal MMC is of loop structure. By shutting down one branch, the loop structure will be injured and
the energy transfer path will be blocked.

3) Power balance: Nonagonal MMC needs to inject offset voltages to ensure the overall power balance. When one port is turned
off, the power balance condition changes.

Due to the first two challenges, the nonagonal MMC cannot work under dual port condition by simply shutting down the
branches connected to the offline port. 28 Due to the third challenge, power balance control has to be adjusted to ensure its stable
operation during port reduction operation.

To address this issue, this paper proposes a port reduction control which enables the nonagonal MMC to turn off the offline port
and operate under a dual port condition during port reduction. The main idea of the port reduction control is to switch the nine-
branch nonagonal MMC to a six-branch hexagonal MMC. Instead of bypassing the surplus branches and leaving their submodule
capacitors floating, branches connected with the same phase of the offline port are combined. Hence, the nine branches of
nonagonal MMC are redistributed into six branches, and the submodules are turned on alternately so that the submodule capacitor
voltages are still controllable during port reduction operation.

The paper is organized as follows. The nonagonal MMC topology and its power analysis are presented in Section II. In Section
II1, the port reduction topology is derived, and the operation principle is analyzed. Based on this, in Section IV, a port reduction
operation control method is proposed for the nonagonal MMC to allow the nonagonal MMC to continue to operate under a dual
port condition, and its performance is verified on RTLAB simulation platform in Section V. Finally, Section VI summarizes this
study.

2 1 THREE-PORT NONAGONAL MMC TOPOLOGY AND POWER ANALYSIS

2.1 1 Nonagonal MMC topology

The structure of the three-port nonagonal MMC is shown in Fig. 1. Nonagonal MMC consists of nine identical branches forming
a nonagonal ring. Each branch has n identical H-bridge submodules with an AC inductor connected in series. The input/output
ports are introduced from the connection points of its nine branches. The three phases of the three ports are depicted as: x, v, z for
Port 1, r, s, t for Port 2, and u, v, w for Port 3. According to which phase they are connected with, the nine vertexes of nonagonal
MMC are sequentially definedas R, W, Z, S, U, X, T, V, VY.

To facilitate the circuit analysis of the system, the cascaded submodules in each branch can be equated with a controlled voltage
source, and thus a simplified circuit model of the nonagonal MMC is shown in Fig. 2. The branches of nonagonal MMC are named
as Branch-x, where x=1,2,3,4,5,6,7,8,9. Define the branch voltage as ux, the branch current as iy, and the circulating current as icir.
The neutral points of the source/load connected with the ports are respectively O, N1, and N2. Note that un; represents the offset
voltage from N1 to O; unz represents the offset voltage from N2 to O. The reference direction of each electrical quantity is shown
in Fig. 2.



Figure 2 Simplified circuit model of nonagonal MMC.

2.2 1 Mathematical model
Before the port reduction control can be introduced, the mathematical model of nonagonal MMC should first be derived. The
expressions of the branch voltages can be easily obtained by Kirchhoff’s voltage law:
U =u —U, —Uy, U, =U, —U, —Uy +Uy, Ug=U, —U +Uy
Uy =Ug—=U, =Uy, Us =U, =U, Uy FUy, Ug =U, —U +Uy (1)
U; =U; —U, —Uy, Ug=U, —U, —Uy +Uy, Ug=U —U +Uy
The expressions of the branch currents, however, are a little less apparent. To obtain their expressions, an equivalent
model is given in Fig. 3.
From the point of each port, the converter can be seen as a delta converter. Hence, the port is changed to delta connection
as shown in the figure, and the line currents of each port are given instead of phase currents. In this way, the expressions of
the branch currents of nonagonal MMC can be derived:



Figure 3 Equivalent diagram of the three ports.

I1 = Izy + Isr + va + Icir IZ = Izy + Isr + Iuw + Icir
I3 = Ixz + Isr + Iuw + Icir I4 = Ixz + Its + Iuw + Icir
IS = Ixz + Its + Ivu + Icir I6 = Iyx + Ils + Ivu + It:ir (2)

L=l Hl+l, g =1+l g

ly = IZy o+ Tl

where iy, ixy, iyx, Isr, ltss irts Iwvs buw, @nd Zyy are line currents of the equivalent triangular power supply.
Adding together the equations in (2), with port currents cancelled out, the expression of the circulating current icir can
be gotten:

iy = (i +i, +iy +i, +i +ig +i +y +1) /9 )

The three-phase voltage and current signals of the three ports are defined as:
4
u, = \/§Ulsina}1t i, = \/Ellsin(a)lt -@) @

u, =v2U,sin(@,t —y,) i, =21, sin(o,t —v, — )
u, =v2U,sin(et —w,) i, =~21,sin(ot—w, —p,)

where @1, g2, g3 respectively represent the phase differences between the voltage and current of the three ports; w1 represents the

voltage phase difference between port 2 and port 1; y» represents the voltage phase difference between port 3 and port 1. Note that

phase voltages and currents of y and z lag behind phase x 27/3 and 4x/3 respectively; phase voltages and currents of s and t lag

behind phase r 27/3 and 47/3 respectively; phase voltages and currents of v and w lag behind phase u 27/3 and 47/3 respectively.
Taking Branch-1 for example, there are four current components flowing through it: iy, isr, iwy and icir. The mathematical

expressions of current i,y, isr and iwy can be derived by (4):

2 3z

i, =—= | sin(et—g ——)

zy \/g 6

. 2 . T
iy, :Ebs'n(a’zt—%—‘/’z +E) 5

. 2 3
iy :E I,sin(at—yw, — @, +F)

Knowing this, the voltage and current expressions of Branch-1 can be obtained as follows:



u, = \/§U2 sin(w,t —y,)
—\/§U3 sin(o,t -y, _4?”) —Uy,

] =% I, sinet — o, _%”) (6)

2o %
+$|28In(w2t—l//1 —P *E)

V2

+—=l;sin(ot -y, — ¢, +‘?’_ﬂ-)"'icir
J3 6

Similarly, the voltage and current expressions of the other branches of nonagonal MMC can also be obtained.

2.3 | Power analysis

To ensure the stable operation of nonagonal MMC, it is necessary to study the power flow of the converter, analyze its power
distribution, and obtain the power balance condition.
From Fig. 2, the instantaneous power of each branch can be derived as:

Py =Uj (7)
where subscript j represents the serial number of the converter branch.
The power expression of Branch-1 is given in Appendix. There are 13 frequency components, and the power expression of the
other branches are similar. Therefore, the average power of the converter branch in a cycle is derived as follows:
LRI R TR

const

P;
1.t 1.t o - . .
Py Jo Pidt= [ RJ P+ p o p |t (8)

+ p;_uzﬂug + p;_ujﬂul
where P °™" is the constant power component of each branch and other terms are periodic components.

It can be seen that P "' becomes an aperiodic component after integration, causing energy accumulation on the branch over
time. It will affect the DC voltage stability of the converter, endangering its stable operation. As for the other frequency components,
they are still periodic components after integration, hence the DC voltage fluctuation caused by them will not cause energy
accumulation. In summary, the constant power component is the main factor affecting converter power balance. In order to ensure
stable operation of the converter, the following conditions must be met:

chonst — 0 ( 9)

From (9) and Appendix, taking Branch-1, Branch-2, and Branch-3 of nonagonal MMC for example, the expressions of the
branch constant power components are:

cons 1 T 1 T .
1 = —=U,1, cos(e, _E) ——=U,1, cos(e, +E) —Upolgr

Branch-1 — \/g \/§

cons 1 T 1 T R
2 = U1|1COS(¢1+E)+_U3I3COS(¢’3_E)+(UN2 _uNl)Icir (10)

Branch-2 — _ﬁ \/g
const  __ i _ i
Branch-3 — \/—
3 V3
Adding the three equations in (10) together, there is:
Pt + Pomnenz + Ponena = Ui 1,08 @ +U, 1, cos @, +U,1, cos g, (11)
The active and reactive power of the three ports of nonagonal MMC are given:

4 T .
U, 1, cos(g, _g) U,1, cos(p, + E) +Uplir



Ppy = 3U, 1, COS ¢y
Pe2 :3U2|2 Cos @,
Ppy =3U;1; COS 0,

. 12
Gpy =3U,1;SiNgy (12
s, =3U,1,sing,
Gps =3U;1;sin g,
where the subscripts P1, P2, and P3 respectively represent port 1, port 2, and port 3 of nonagonal MMC.
Combining (9)-(12), it can be obtained that:

Per + Py + P = 0

. 1 V3

LirUns =_g(pP1_ pPz)‘E(QPl"'QPz) (13)

. 1 V3

lirUnz = g ( Pz — pP3) + E (qu + QPa)

From (13), the first term represents the port power balance condition of the nonagonal MMC. To ensure that the input power
equals the output power, the first term has to be sufficed. The second term and the third term represent the power balance condition
within nonagonal MMC. It can be seen that offset voltages should be injected to eliminate the power imbalance between different
branches.

31 NONAGONAL MMC PORT REDUCTION OPERATION

When an AC port of the nonagonal MMC needs to be exited for maintenance, the port should be turned off and isolated so as to
ensure the normal operation of other systems. During port disconnection, the nonagonal MMC should continue to operate under a
dual port condition, which necessitate the proposal of a port reduction control to ensure the stable operation during this phase. The
main idea of the port reduction control proposed in this paper is to switch the nonagonal MMC to a hexagonal MMC which is an
AC-AC topology of a similar circular structure but has only two ports.

In this section, the structure of the hexagonal MMC and its power balance condition are first given for the benefit of the
introduction of nonagonal MMC port reduction control. Then, the nonagonal MMC port reduction topology is presented, and its
working principles are then analyzed.

3.1 1 Hexagonal MMC

The structure of the hexagonal MMC and its power balance condition are also given in this section for the benefit of the introduction
of nonagonal MMC port reduction control. Fig. 4 shows the basic configuration of hexagonal MMC, which can connect two three-
phase systems of different frequencies. The topology comprises six modular multilevel branches. Each branch consists of cascaded
H-bridge submodules and a series inductor. As each branch connected one phase of port 1 to one phase of port 2, the branch voltage
contains both phase voltages. Take Branch-1 for example, its branch voltage can be derived as:

U =u —u, —Uy (14)
Similarly, to ensure stable operation, the DC-link capacitor of each submodule should be of a steady value. Therefore, the
constant component of hexagonal MMC branch power needs to satisfy (9). According to [25], it can be obtained:

¥3 (15)

. 1
lirUng = _(_1) 6 ( P, + pPZ) _E (qu - QPz)

Equation (15) is the power balance condition for hexagonal MMC, i¢r and unz is injected to achieve power balance.

Figure 4 Hexagonal MMC topology.



3.2 | Port reduction topology

When one port is disconnected, the nonagonal MMC is shown in Fig. 5. It should be noted that as the main purpose of nonagonal
MMC is frequency conversion instead of voltage boost or reduction, the voltage ratio of the three ports is usually set as 1:1:1 with
transformers connected outside for voltage boost or reduction [27]. Hence, it is supposed in this paper that all nine branches of the
nonagonal MMC have n numbers of submodules.

After port reduction, to ensure the continual stable operation of the converter, the nonagonal MMC control strategy is optimized.
The optimized control strategy needs to make sure that the number of submodules put into use in branch-1,3,5 are the same as that
in branch-2,4,6. In this way, the nonagonal MMC minus one port can smoothly switch to a quasi-hexagonal MMC operation. To
achieve this, the obvious way is to turn off three branches so that there are only six branches in operation. Considering the circular
structure, the open circuit of one branch will cause the shutoff of the whole converter. Hence, the three branches should be bypassed.
However, this would leave the submodule capacitors floating in the said branches, and may cause power fluctuations when
nonagonal MMC switches back to its normal three port operation. To avoid this, the submodules in branches connected with the
offline port are operated alternately.

As shown in Fig. 5, by rearranging nine branches into six branches, the nonagonal MMC can be seen as a quasi-hexagonal MMC.
The branches of the port reduction topology are named as branch-1,2,3,4,5,6. For branch-1,3,5, each branch consists of 2 cascaded
submodules and two series inductors. For branch-2,4,6, each branch consists of # cascaded submodules with one series inductor.
Divide the branches of the port reduction topology into three groups: branch-1 and branch-2; branch-3 and branch-4; branch-5 and
branch-6. Take Group 1 (branch-1,2) for example, branch-1 and branch-2 of the port reduction topology correspond to the Branch-
1, Branch-2, and Branch-3 of the nonagonal MMC. In this case, define the submodule numbers on Branch-1,2,3 as Bij (i=1,2,3;

j=1,2,3,4), the operating state of the port reduction topology in a switching cycle is shown in Table 1. Suppose that each branch has
four submodules, and the inductors on each branch are of the same value.

According to the operation modes of Table I, two modes is shown in Fig. 6. Mode 1 is shown in Fig. 6 (a), when the converter
works in mode 1, B11, B12, B21 and B22 will be put into operation and all submodules on branch-2 will also be put into operation.
By controlling the state of IGBT, the submodule port output voltage can be switched to 0 V, + Uy, or -Uq.. By overlaying the output
voltage of submodule, multilevel waveforms are generated. At the same time, B13, B14, B23, and B24 are in the bypass state, and
the output voltage is 0 V, the capacitor voltage of submodule DC side will not be charged and discharged, thus, it does not affect
the stable operation of the converter.

Mode 2 is shown in Fig. 6 (b), when the converter works in mode 2, in this case, B11, B12, B21 and B22 will be bypassed, while
B13, B14, B23 and B24 is put into operation. All submodules on branch-2 are also put into operation. The same analysis can be
applied to the other groups. In this way, the converter can achieve stable operation.

~ —— - ~ — — -
(a) model 1 (b) model 2
Figure 5 Port reduction topology. Figure 6 Operation models of port reduction topology.

Table 1 Port reduction topology branch-1 and branch-2 operating state table

H-bridge
submodule
Model 1
ost< Put In PutIn  Bypass Bypass PutlIn PutIn  Bypass Bypass Putln Putln Putln Putln

Ts/2)
Model 2
(Tsl2<t< Bypass Bypass  PutIn PutIn  Bypass Bypass PutlIn Put In PutIn Putin Putln Putlin
Ts)

B11 B12 B13 B14 B21 B22 B23 B24 B31 B32 B33 B34




41 SYSTEM CONTROL STRATEGY

4.1 1 Case study

In the article, the converter is applied to distributed generation (DG) and local consumption applications. Port 3, i.e, local load, is
taken as the offline port for example. When all three ports are turned on, the DG will not only power the local loads, but also feed
the additional power to the grid. When one of the ports need to disconnect from the other two systems, the DG generated power is
transmitted wholly to the grid. Fig. 7 presents the relationship between the energy interaction of the circular MMC ports.

DG
Grid —@—4—@
( ) ) Nonagonal) | PORT 2
PORT 1 MMC Local Load
@+
PORT 3
(a) Nonagonal MMC operation
DG Grid
(@ © Hexagonal
PORT 2 MMC PORT 1

(b) Hexagonal MMC operation
Figure 7 Energy interaction under different scenarios (a) Nonagonal MMC operation; (b) Hexagonal MMC operation.

4.2 1 Proposed reduced port control strategy

To ensure the stable operation of nonagonal MMC after reducing one port, the article proposes an overall port reduction operation
strategy, as shown in Fig. 8. When a port needs to be isolated, define its state as 1, as shown in Fig. 8. When the state of all three
ports remains 0, the nonagonal MMC continue to operate under nonagonal MMC control. The detailed control strategy of the
nonagonal MMC has been introduced in [26]. When port disconnection is required, the nonagonal MMC port reduction operation
control strategy is used, and the corresponding control strategy is shown in Fig. 9. The control strategy consists of DC-link voltage
control, branch power balance control, alternate operation control of branch submodules, and DC-link voltage regulation in branch.

port
statues

100/010/001

Nonagonal MMC
control strategy

Reduced Port
Control Strategy
Figure 8 Overall port reduction operation strategy

1) DC-link voltage control: Port 1 is connected with AC grid and adopts DC-link voltage control to ensure that the input power
equals the output power so that energy will not accumulate in the converter, hence the voltage on the DC-link capacitor will not
collapse.

2) Branch power balance control: It focuses on the submodule capacitor voltage difference between different branches, which
is caused by the constant component of branch power. To address this issue, the average values of submodule capacitor voltages
of different branches are obtained: Ugc_1_avg, Udc 2 avg, Udc_3_avg, Udc_4_avg, Udc 5 avg, Ude_6_avg- Udc_i_avg depicts the average submodules
capacitor voltage of all the submodules in branch i, in which i=1,2,3,4,5,6; Uqc 135 depicts the average value of the submodule
capacitor voltage of all the submodules in branch 1,3,5; Uqc 246 depicts the average value of the submodule capacitor voltage of all
the submodules in branch 2,4,6. The offset voltage Uni and (-Una1) are obtained by choosing maximum deviation value, and the
instruction are required to closely follow the working state of the system. Branch power balance is achieved by superimposing
offset voltages over the voltage modulation waves.

3) DC-link voltage regulation in branch: The DC-link voltage balance of the submodules within one branch is achieved by the
DC-link voltage regulation in branch. By detecting the capacitor voltage of each submodule within one branch and compares it
with the average value, the control adjusts the modulation wave, and then this indirectly adjusts the charging and discharging time
of the capacitor to achieve voltage equalization. Uqc ji (i=1,..., n) depicts the capacitor voltage of the i-th submodule in branch j.

4) Alternate operation control of branch submodules: During a port disconnection, the nonagonal MMC should continue to
operate under a dual port condition, which necessitate the proposal of a port reduction control to ensure the stable operation during
this phase. The principle of the control strategy designed in this part is as follows. For the submodules that need to be invested in
the branch, the pulse signal output by CPS-SPWM is distributed, and it runs alternately every half of the switching cycle. The
alternating period as follows:
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Figure 9 Nonagonal MMC port reduction operation control strategy

51 RTLAB SIMULATION VERIFICATION

The effectiveness of the control strategy is verified through RTLAB. The system parameters and converter parameters are given
in Tables II and III.

In this simulation, the line voltage and frequency of port 1 and port 2 are all 6 kV and 50 Hz. Then, the port 3 frequency is 10
Hz so as to test the low frequency performance of the nonagonal MMC.



Table 2 System parameters

10

Parameter Value
Port 1: Rated line voltage/kV 6
Port 1: Rated frequency/Hz 50
Port 1: Filter inductance/mH 5
Port 2: Rated line voltage/kV 6
Port 2: Rated phase current/A 200
Port 2: Rated frequency/Hz 50
Port 3: Rated line voltage /kV 6
Port 3: Rated phase current /A 110-150
Port 3: Rated frequency /Hz 10
Port 3: Resistance/Q 22.5
Port 3: Inductance/mH 5
Table 3 Converter parameters
Parameters Value Parameters Value
Kp1 0.0001 ki1 0.04
Koz 0.5 Kiz 10
Kps 0.006 Krs 0.06
Kpa 0.0005 Kra 0.05
Kps 0.2 Number of submodules 4
DC-link capacitance/mF 10 DC-link voltage/V 3535
Switching _frequency of H- 1000 Branch inductance/mH 0.25
bridge/Hz

The waveforms of port power are given in Fig. 10. It can be seen that before 1 s, the power of port 2 is 2.08 MW and the power
generated is enough to power port 3. At 1.0 s, port 3 is disconnected so that the control of nonagonal MMC is switched to port

reduction control. At 1.2 s, the power generated by port 2 is decreased from 2.08 MW to 1.38 MW to test the dynamic performance
of the port reduction control.

PIMW %
Pey
2
, Peg
2+ e s
Pe, -
2 et
0.85 0.95 1.05 115 1.25 1.35

ts
Figure 10 Port power waveform.

As seen from Fig. 11 and Fig. 12, at 1.0 s, the nonagonal MMC can switch smoothly from three ports to two ports with no
noticable overshoots in both port voltages and port currents. The amplitudes of the port voltages of the remaining ports does not
change, while the RMS of the phase current of port 1 is increased from 48.3 A to 200.2 A due to the disconnect of port 3.

At 1.2 s, when the phase current of port 2 is decreased from 200.0 A to 133.4 A, the current of Port 1 follows the change smoothly
indicating that the port reduction control has good dynamic performance. The amplitudes of the port voltages of the remaining
ports does not change, while the RMS of the phase current of port 1 decreases to 132.8 A after 1.2 s, which is caused by the decrease
of power of port 2.

The average DC-link voltages of Branch 1,2,3 are given in Fig. 13. It can be seen that during the whole process, the DC-link
voltages of the submodules on different branches approximately stable at 3535 V, indicating that the nonagonal MMC can still
keep its power balance under port reduction condition.



UV «

0.85 0.95 1.05 115 1.25 1.35

(a) port 1 voltage waveform

Poll
s NN

-300

0.85 0.95 1.05 1.15 1.25 1.35

o I

u/v

1.05 1.15 1.25 1.35
t/s

(b) port 2 voltage waveform

Figure 11 Port voltage waveform.
VA

0.85 0.95

r
300 N\

i

[T
Lo

e

0.85 0.95 1.05 1.15 1.25 1.35

unv
Uy Uy Uy

N

0 s

-5000

0.85 0.95 1.05 u 1.15 1.25 1.35
S

(c) port 3 voltage waveform

IIA *

0.85 0.95 1.05 1.15 1.25 1.35

11

t/s ts t/s
(a) Port 1 current waveform (b) Port 2 current waveform (c) Port 3 current waveform
Figure 12 Port current waveform.

Upc/V

4535 Upci Upcz  Upcs

3535 WMW

2535

&
0.85 0.95 1.05 115 125 135
t/s

Figure 13 DC-link voltage waveform.

6 1 CONCLUSION

A control scheme for nonagonal MMC port reduction operation is proposed in this paper. By rearranging the submodules, it allows
the nonagonal MMC to operate as a quasi-hexagonal MMC ensuring the safe operation of the remaining ports when one of the
ports is disconnected. By alternately operating the submodules, no submodule capacitors are left floating, avoiding disruptions and
large capacitor voltage fluctuations. The proposal of the control improves the practical value of nonagonal MMC and enables it to
operate as an SOP. It also helps to unite the nonagonal MMC and hexagonal MMC as one circular MMC, allowing it to switch
fluently between two port operation and three port operation.
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