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Abstract: Voltage source converter-based high-voltage direct current transmission system
(VSC-HVDC) technology has been widely used. However, traditional half-bridge sub module
(HBSM)-based module multilevel converter (MMC) cannot block a DC fault current. This paper
proposes that a full-bridge director switches based multi-level converter can offer features such as DC
side fault blocking capability and is more compact and lower cost than other existing MMC topologies.
A suitable predictive control strategy is proposed to minimize the error of the output AC current
and the capacitor voltage of the sub-module while the director switches are operated in low-frequency
mode. The validity of the proposed topology and control method is demonstrated based on simulation
and experimental studies.

Keywords: multilevel converter; DC side fault blocking; predictive control

1. Introduction

The modular multilevel converter (MMC) has been accepted as a suitable solution for high-voltage
and high-power application fields due to several inherent features [1-8]. However, blocking the DC
fault current becomes a difficult problem because the anti-parallel diodes are still conducting after
the insulated-gate bipolar transistors (IGBTs) of HBSM are turned off [9].

To solve this problem, recent research has highlighted a number of interesting converter
topologies which combine the features of the multilevel output AC voltage waveform and DC
fault blocking capacity [9-22]. Full-bridge sub-module (FBSM) based MMC (F-MMC) is a basic
configuration with DC fault current blocking capacity [10,11]. However, the DC fault current blocking
capability comes at a cost of nearly doubling power losses and number of semiconductor devices.
Some other type of sub-module is proposed instead of FBSM to make a further optimization in
reducing the number of IGBTs, such as a clamp double sub-module (CDSM) proposed in [14,15]
and a three-level cross-connected sub-module (TCSM) proposed in [16]. Several hybrid MMC
topologies are also proposed, based on HBSM and those various types of sub-module [9,12,13,16-19,23],
for further reducing the cost and loss on the premise of having the DC fault blocking capacity,
such as hybrid MMC based on CDSM and HBSM (CH-MMC). However, there are still some drawbacks,
for example, as they are composed of a large number of sub-modules, the system needs to be more
complicated and the converter station bulkier.

The alternate-arm multilevel converter (AAMC) based on the hybrid topology of HBSM
and director switches is proposed in [20-22]. The AAMC further improves the traditional MMC
topology by cutting the number of sub-modules, reducing DC bus voltage, and gaining the ability
to block DC fault currents [22]. However, some features still have the possibility for further
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optimization, such as the size and cost of the overall system. One of the main technical challenges
associated with the control of such a director switches based multilevel converter is to simultaneously
keep the capacitor voltages balanced and provide good output current tracking performance,
while the director switches keep switching in low frequency.

In order to further optimize the size and cost of the voltage source converter-based high-voltage
direct current transmission system (VSC-HVDC) converter with the blocking ability of DC faults,
this paper proposes a full bridge director switches based alternate-arm multi-level converter (FA-MMC)
and a corresponding control strategy:

1.  The size and cost of the overall system can be significantly reduced by reducing the number of
SM capacitors, IGBTs, and other related devices. In addition, an FA-MMC retains the ability to
block DC-side faults since it uses H-bridge SMs as the AAMC.

2. Similar to AAMC, a systematic multi-objective control method is needed for this kind of topology
to minimize the error of output AC current and the capacitor voltage of the sub-module
while the director switches are operated in low-frequency mode. A suitable predictive control
strategy for this kind of topology is presented in this paper to achieve the flexibility to include
the previously mentioned multiple system requirements.

2. Proposed Topology

2.1. Structure and Basic Operation

The basic circuit configuration of full-bridge director switches based modular multi-Level
converter (FA-MMC) proposed in this paper is shown in Figure 1b. The proposed topology consists of
a stack of H-bridge SMs and four director switches (51-54) made of series IGBTs or IGCTs. The ability
of DC-side fault blocking is still retained since the H-bridge SMs structure is the same as the AAMC.
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Figure 1.  Schematic representation of the two topologies: (a) alternate-arm multilevel

converter (AAMC); (b) full bridge director switches based alternate-arm multi-level converter
(FA-MMCQ).

The voltage of the director switches (Ugipector in Figure 1b) is equal to the DC voltage
(Upc in Figure 2) plus the voltage produced by the stack of H-bridge SMs which can be considered
as only one controllable voltage source. Therefore, the voltage of director switches can be adjusted
flexibly so that the switching of S-Sy can switch at near to zero voltage. The ideal voltage waveform
is shown in Figure 2a.
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Figure 2. The voltage waveform and state of S1-54: (a) without energy balance mode; (b) with energy
balance mode.

The working cycle of 51-S; is synchronized with the output AC voltage. S; and S4 are conducting
and S, and S3 are turned off while the output AC voltage (U, in Figure 1b is in its positive half-cycle,
in contrast, S; and S3 are conducting and S; and Sy are turned off while the output AC voltage is
in its negative half-cycle. This ensures that the four director switches can switch at low-frequency
and at the point of zero-voltage-crossing as shown in Figure 2a. These features lead to low switching
losses, and low demand for dynamic voltage sharing at the switching instant of the series switches,
so that the system design has been simplified.

2.2. Energy Balance

When the AC current flows through the stack of H-bridge sub module. In order to ensure
the continuous operation of the system, the energy balance of the stack of H-bridges should be
guaranteed. The amount of energy transferred from the AC side (E4c) and going to the DC side (Epc)
should be equal over half the fundamental period and is given as

AA

Eac = gmncos(q)), (1)
6U ?

Epc = % cos(¢), (2)

For E4c to equal Epc, the relationship between the DC voltage magnitudes and AC voltage
magnitudes mentioned in Equations (1) and (2) can be given as

T A\
Upc = ZVAC/ 3)

However, since the converters can’t operate in the perfect given by Equation (3), an energy
balancing strategy should be used.

Reference [22] presented two methods to achieve energy balance for AAMCs that can also be
used in this topology: Overlap current and third harmonic current injection. In this paper the overlap
current method is used to extend the period when the current directed from S; and S4 to S, and S3
is extended and S-S, are all conducting. The overlap current is used to exchange power between
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the sub module capacitors and the DC bus. The load current is only slightly affected, since the overlap
time is very short and the inductance can smooth the change in current. Considering its effect on
the grid current, the overlap time is determined to be less than 0.8 ms.

3. Predictive Control Strategy

The control strategy of the proposed topology requires minimizing the error of the output current
and DC voltage in each sub module, and, meanwhile, the director switches switching should be
operated in low-frequency and zero-voltage switching mode.

3.1. Dynamic Modeling

Based on Figure 2, the governing equations of the single-phase FA-MMC can be shown as follows:

di
Upc — Vpp — Lhd*f = Vmn 4)
di .
Vac = Ls?: + Ri; (5)
Vac = SaVun (6)

As presented in Section 2, the value of L; is small and the voltage on it can be ignored; S;-S; have

five switching state combinations depending on a switching function S4 as shown in Table 1.

Table 1. Switching states of director switches.

Mode Sa S1 S S3 Sy Output Voltage (V4¢)
. . 1 ON OFF OFF ON VMmN
Basic Operating Mode 1 OFF ON ON OFF VN
0 ON ON ON ON 0
Energy Balancing Mode 0 ON ON OFF OFF 0
0 OFF OFF ON ON 0

The output voltage of each H-bridge sub module is equal to V; (capacitor voltage of the ith sub

module (i=1,2,---,n)), =V, or zero, depending on the switching states, and depends on a switching
function Si
1
S;i=< 0 (i=1,2...,n). (7)
-1

The relationship between V; and Upc is formalized as
n
Z Vci ~ uDC (8)
i=1
Based on Equation (16) and the basic principle, Vpp is formalized as
n
Y SiVii= Vpp )
i=1
The dynamic capacitor voltage of the cells of the H-bridge sub module in Figure 1b is formalized as

av

Siiy = C—

(10)
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The relationship of currents is and i, in Figure 1b, which was also indicated by the switching
function S; according to Table 1, is expressed as

ib = Sdis (Sd =lor — 1) (11a)
di, "
L =Upc - Y SiVii (Sqa=0) (11b)

i=1

The switching states of director switches operate in an energy balancing mode, as mentioned
in Table 1. As discussed previously, the current i, flows through the stack of H-bridge sub modules,
buffer inductor, and director switch to the DC side, charging or discharging the capacitor of
the H-bridge sub modules.

Only considering the basic operating mode, substituting Equations (5), (6), (9), and (11a) into (4),
a dynamic model of the single-phase proposed topology in basic operating mode can be expressed as

L di di .
Sa(Upc — Y SiVei — SdLbdjs) = Ls?: + Ris (12)
i=0
where S; =1 or —1. Equation (12) can be simplified as
dis d .
Lo = Sa(Upc — Y _ SiVei) — Ris (13)
i=0

where L = Ly, + Ls.

3.2. Proposed Predictive Control

The predictive control strategy is proposed in this section based on the dynamic model of
the FA-MMC presented above, the three primary targets of the predictive control strategy is achieved
as follows:

3.2.1. AC-Side Current Control

Assuming a sampling period of T;, a discrete-time model of the FA-MMC AC-side current in
basic operating mode based on Equation (3) is calculated by

n

T4 1) — (k) = S4(k) Upc (k) — 1 8i(K)Ves(k)) — Ris (k) ()
s i=0

the value of S; could be assumed as a constant value during a short sampling period of Ts. is(k) is
the actual AC current at time k and is(k + 1) is the predicted AC current at time k + 1, Upc(k) can be
considered as a constant value if the DC side voltage is controlled. Finally, V (k) is the capacitor
voltage of the sub module 7 at time k.

To reduce the error between the predicted current and the reference current, a cost function
associated with the current error is defined as

Ji = isref(k+ 1) - is(k+ 1) (15)

where iy is the reference current and is(k + 1) is the predicted current obtained from Equation (14).
Ideally, J; will be equal to its minimum value of (J,;; = 0 in Figure 4) if the AC-side current is
controlled well.
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3.2.2. Capacitor Voltage Balancing
Based on Equations (10) and (11), V,; (k + 1) can be deduced as

Si(k)Sa(k)is (k)

Vci(k+ 1) = Vci(k) + C

Ts (16)
where V;(k) can be measured in real time. Another cost function for balancing the capacitor voltage of

sub modules is given as
n

]vc:Z

i=1

Vci(k+1) - Vciref(k+1) (17)

where V;(k + 1) is the reference DC capacitor voltage of sub module i (with i between 1 and n),
£ Vea(k+1)
which can be equal to the average voltage of all cells (given as %), and V(k + 1) is a predicted
value, which can be obtained from Equation (16).
Consequently, by adding the above cost function together a combined cost function,
which can simultaneously achieve the two main control objectives mentioned above is given
as the linear combination

Jat = & Ji + B Joc (18)

where « and j are weighing factors, « is adjusted based on the cost contribution allocated to the error of
AC-Side current, and B is adjusted based on the cost contribution allocated to the voltage deviations of
sub module capacitors. The empirical method to determine the value of cost function is presented in [24].

Within each sampling and computing period T, the combined cost function J,j; is re-calculated,
and the best switching indicated to the minimum value for Equation (18) will be adopted for the current
control cycle.

3.2.3. Director Switch Control

As presented in Figure 2a in Section 2.1, the state of director switches 5154 at the next step should
depend on the value of V4¢. According to Equation (5), the necessary value of V4¢ at the current step
can be expressed as

VAC(k + 1) = Risref(k + 1) + %(isref(k + 1) - ls(k)) (19)

However, the fluctuation of Vac(k + 1) due to differences between ig,(k + 1) and is(k) during zero
voltage crossings will lead to high frequency repeated switching of 5;-54, resulting in an increase of
switching losses.

Therefore, a director switch control strategy should be taken considering the need to

1. Add the energy-balancing mode (S; = 0 in Table 1) in to achieve energy balancing of the stack of
H-bridge by exchanging power with DC bus.
2. Avoid repeated switching of the director switches.

Replacing is(k) by igr(k), the necessary value of Vac at the current step can be expressed as

. L. .
VACref(k + 1) = Rlsref(k + 1) + i(lsref(k + 1) - lsref(k>) (20)

where ig,f(k) is the reference value of the current of the current step. Voltage Vacyf(k + 1), obtained by
Equation (20), is a standard sine wave, which can avoid the fluctuation of V4c(k + 1) due to differences
between ig(k + 1) and is(k) during zero voltage crossings. Finally, the implementation procedure
of the proposed director switch control strategy is summarized in Part I of Figure 4. The schematic
diagram of the control system is shown in Figure 3.
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4. Simulation Results
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This section evaluates the performance of the proposed FA-MMC and control method with
a simulation. The simulation parameters are given in Table 2.
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Table 2. Parameters of the study system of Figure 1b.

DC voltage Upc 3000 V
Submodule capacitor C 3300 uF
Load inductance Ly 3 mH
Buffer inductors L, 0.1 mH
Load inductance R 6
Sampling period T;s 100 ps
Nominal frequencies f 50 Hz
No. of cell in the stack of H-bridge cells 2

4.1. Operating Performance under a Steady-State Condition

Figure 5 shows the voltage of the stack of H-bridges cells, the voltage across the director switches
51-S4, and the AC output voltage while the load current tracks the reference in steady-state operation.
The simulation results are consistent with the working principle of the topology described in Figure 1b
of Section 2. The voltage waveforms appear staircased because there are only two cells, while they
would more closely resemble a sine curve with an increase in the number of cells. Figure 6 shows
that the capacitor voltages in the two cells are averaged well and mostly under the control of MPC in
basic operating mode. Further, they get closer to the given value Upc/nj pa in energy-balancing mode.

Figure 7 shows the director switch control signal of 5;—S,. It can be seen in Figure 7a that they
all operated at a frequency of 100 Hz and achieved zero voltage switching under the director switch
control strategy described in Part I of Figure 4. In contrast, when Part I of Figure 4 is removed,
the director switch control signal, which is only determined by Vc(k + 1), is shown in Figure 6b.
The difference in responses occurs because Vcpf(k + 1) in Equation (20) is obviously a standard
sine wave while the V4c(k + 1) is repeatedly crossing the zero voltage point as shown in Figure 8.
This demonstrates the effectiveness of the director switch control strategy.

Figure 9 reveals that the relation of the current across Ly (I, in Figure 9) and the load current
(Is in Figure 9) is similar to Equation (11a) in basic operating mode. The current across L; (I in Figure 9)
becomes an overlap current that charges or discharges the capacitor of the cells when S1-54 are all
conducting in energy balancing mode.

| Iref

0.5K

OK

-0.5K

0 0.02 0.04 0.06 0.08 0.1
Time (s)

(a)

Figure 5. Cont.



Energies 2019, 12, 91 9 of 22

Vac

6K

homoomoom
AL A R e

6K

0 0.02 0.04 0.06 0.08 0.1

Time (s)
(b)

Vpc
4K
3K [
2K I-I” HI W
1K |] [ i [ r [
OK

bt
2K |

0 0.02 0.04 0.06 0.08 0.1

Time (s)
()

Von
5K !
4K | H l
3K
2K

S R | L . L

o "” [0 [ I
ox u |
-1K

0 0.02 0.04 0.06 0.08 0.1

Time (s)
(d)

Figure 5. Simulation waveform of the single-phase FA-MMC in steady state operation: (a) Load current
and reference current; (b) output AC voltage; (c) voltage of the stack of H-bridges; (d) voltage across

the director switches S1-S4.
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Figure 6. Capacitor voltages of the cells.
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Figure 7. Director switch control signal of 5;-54: (a) Control signal based on Vs, 1%); (b) control
signal based on V. 1 13).
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4.2. Operating Performance under a Transient-State Condition

To test the dynamic performance, a sudden change in the reference current is set at 0.04 s,
and the behavior of the system is shown in Figure 10. It can be seen that the current tracked the reference
value well. The time of reference tracking (from 600 A to —600 A) is less than 0.01 ms as shown in
Figure 10b, and the output AC voltage waveform is shown in Figure 11.

The capacitor voltage is shown in Figure 12. It can be seen that the capacitor voltage of
the two sub-module remains balanced after a sudden change of load current. Figure 12b shows
that there is a deviation in the beginning, but is averaged well immediately by the predictive control
strategy after 1 ms.
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Time (s)
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0.039 0.0395 0.04 0.0405 0.041 0.0415
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Figure 10. Load current for a sudden change: (a) reference current and actual load current; (b) Detail of
the reference current and actual load current at the instant.
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Figure 11. Output AC voltage waveforms: (a) Output AC voltage ; (b) detail of the output AC voltage
at the instant.
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Figure 12. Capacitor voltages of the sub-module.
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Figure 13 shows the states of the director switches at the instant of the sudden change
of load current, demonstrating that the director switches are controlled well and operated in
low-frequency mode.

S1 S2 S3 S4

1
0.8
0.6
0.4
0.2

0 |t

0.02 0.03 0.04 0.05 0.06

Time (s)
Figure 13. Control signal of S1-Sy,
4.3. Operating Performance under a DC Fault

Having verified the normal operation of the converter, the model was tested under a DC fault.
A three-phase model was built, and a DC fault was induced at 0.04 s. The blocking time is set to be 3 ms
after the fault current is detected considering the sensor delay time. Figure 14 shows that the voltage of
the cell capacitor is kept at 1.5 kV and the AC current follows the given value before 0.04 s. When a DC
short-circuit happens at 0.04 s, the direction of current is reversed and the AC side current rises at first
because during the sensor delay, the capacitors discharge and current flows from the AC side to
the DC side. After 3 ms, when the converter station is blocked, the DC and AC side currents gradually
reduce to zero along with the charging of the capacitor.

la Ib lc

300
200
100

-100
-200
-300

0.02 0.03 0.04 0.05 0.06
Time (s)
(a)
Idc
500

-500

-1000

0.02 0.03 0.04 0.05 0.06
Time (s)

(b)

Figure 14. Cont.
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Figure 14. Current and voltage simulation waveforms of a DC fault: (a) AC current; (b) DC current;

(c) capacitor voltages.

5. Experimental Results

Experiments on an FA-MMC-based inverter were also carried out to verify the proposed topology
and test the predictive control strategy. The parameters for the experiment are listed in Table 3.
A photo of the inverter is shown in Figure 15 and an IGBT is utilized as the power switch. The main
control algorithms were implemented in a combination of a DSP and FPGA. The DC-link voltage
was obtained via a three-phase autotransformer.

Table 3. Experiment parameters.

DC voltage Upc 100 V
Submodule capacitor C 3300 uF
Load inductance Ly 3mH
Buffer inductors L 0.1 mH
Load inductance R 6
Sampling period T; 100 ps
Nominal frequencies f 50 Hz
No. of cell in the stack of H-bridge cells 2

Capacitor of SM2 Capacitor of DC bus

Capacitor of SM1

Resistor shunt to
The capacitor of

Buffer Inductor

Sensors

CPU(DSP+FPGA)

Driver Signals

Figure 15. Photo of the modular multilevel converter (MMC)-based inverter for the experiment.
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To test the system balance ability, a 100 () resistor was shunted to capacitor SM2. The topology
worked in this unbalanced condition by appropriately setting the value of the weighting factor f3,
which is used to balance the capacitor voltage of the two SMs to zero. In this paper, we set the weighting
factor « to a fixed value of 50, and set weighting factor 3 to 0 or 100 to compare the waveforms.
Figure 16 shows the capacitor voltages of the two SMs. At first, the capacitor voltage of SM1 is lower
than SM2, and the fluctuation is larger due to the unbalanced condition. After giving a suitable
value to weighting factor {3, each cell capacitor voltage is well regulated to their reference value
and the fluctuation of the two cells is also the same.

e Agilent Technologies MON JAN 13 10:18:31 2014

HE ‘

SM2 Capacitor Voltage(10V/div) I

S R el v i o - &
g — Ml o T

™ g

SM1 Capacitor Voltage(10V/div)

AC _

Figure 16. weighting factor f’s effects on the capacitor voltages.

Figures 17 and 18 show the output current and voltage of this topology, which are both measured
during balanced and unbalanced operation. From Figure 18 we can see that the voltage ripple of
the two cell capacitors does not affect the current, apparently due to the robustness of the predictive
control. When the weighting factor 3 is set to 100, meaning that the capacitor voltage balance is
considered as a control goal, only a slight distortion is introduced into the output current.
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Figure 17. The waveform of the output current under balanced and unbalanced conditions.
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Figure 18. The waveform of the output voltage under balanced and unbalanced conditions.

To test the dynamic performance, the behavior of the FA-MMC and corresponding control
method for a step in the angle of the reference current is shown in Figure 19. The waveforms show
that the voltage changed quickly to drive the current to its new reference value and that the current is
well-tracked. Figure 19 also shows that the dynamic capacitor voltage waveform is not influenced by
the step in the angle of the reference current. Figure 20 shows a detailed view of the output voltage
and current for a step in the angle of the reference current. The reference tracking of the proposed
method that considered the possible switching states adjacent to Vac(k + 1) is fast, because extreme
voltage changes are possible. The results are similar to simulation results.
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Figure 19. Waveform of the voltage and current for a step in the angle of the reference current.
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Figure 20. Detail of the output voltage and current for a step in the angle of the reference current.

6. Characteristic Analysis and Comparison with Other Topologies

6.1. DC Fault Blocking Capacity

When a DC-side short-circuit happens, with all IGBTs turned off, the director switches and stack
of H-bridges behave as a number of uncontrolled diodes connecting with all DC capacitors in the cells
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connected in series, as shown in Figure 21. The equivalent capacitor value in Figure 21 can be
expressed as
Ce = C/ncell_FA (21)

where C is the capacitance of the capacitor in each cell and ncell_FA is the number of cells in one phase
of the FA-MMC. The AC source charges the equivalent capacitor and inductors (including the Ls, Ly, L)
through the DC fault current, thus, limiting the rising rate of the fault current. Consequently, the value
of U, will rise rapidly, and the DC fault current will be blocked.

i

Oy

R,

Figure 21. The equivalent circuit of the insulated-gate bipolar transistors (IGBTs) blocking when a DC
fault occurs.

6.2. Number of Sub-module and IGBTs

Equation (3) shows that the DC bus voltage is lower than the peak value of output AC voltage
by 27% in FA-MMC topology. This implies that the voltage rating of the director switches should be
at least equal to the peak value of output AC voltage since they have to support higher voltages.

Assuming that the maximum allowable working voltage rating of the IGBTs is equal to the voltage
rating of the DC capacitors in the sub-modules, the number of sub-modules of the proposed FA-MMC
is given by

A

Uac
Neell FA = Uraren (22)

where Uratep is the voltage rating of the IGBTs. The number of IGBTs of each phase of the FA-MMC
is given by

A
8U sc
MIGBT1 = #Mcell_FA + 415 = 7 (23)
RATED
where ng, the number of IGBT in 5154, is given by
% U,
g = —/MN AC (24)

Uratep  UrateD

Given the same AC output voltage, we also can deduce the DC voltage, number of cells, and IGBTs
needed in an AAMC. The relationship between DC and AC voltage magnitudes in an AAMC,
which has been derived in [22], can be expressed as

A

Vie = EVAC (25)
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It can be seen from Equation (3) and (25) that the FA-MMC can reduce the DC bus voltage by half
with the same AC output voltage and same active/reactive power flow compared with an AAMC.

Considering the sum of the sub-module capacitor voltage must be greater than the peak value
of the line-to-line voltage to achieve DC current blocking capability, the number of sub-modules of
an AAMC can be expressed as

A
V3U ¢

26
URATED (26)

Neell AA =

But, it only has two direct switches, so considering Equation (24) and (26), the number of IGBTs of
a single-phase AAMC is given by

(4v/3 + 2)lAlAc

27
URATED @7)

n1GeT2 = 4Mcell_an +2ng =

To summarize, the number of IGBTs of the FA-MMC is less than that of the AAMC, and the DC

voltage and number of sub-modules of the FA-MMC is nearly half those of the AAMC, leading to

smaller size, less need for insulation, and lower cost. And the comparison results of the number of

IGBTs and sub-module capacitors between FA-MMC, AAMC and various MMC topologies mentioned
in the introduction is shown in Table 4.

Table 4. Number of semiconductor devices and sub-module capacitors.

Topology = Number of Sub-Module Capacitor =~ Number of IGBTs Number of Diodes

H-MMC N 2N 0

F-MMC N 4N 0
CH-MMC N 235N 07N

AAMC 034N 1.8 N 0
FA-MMC 02N 1.6 N 0

6.3. Efficiency Analysis

To evaluate the power losses of the FA-MMC and AAMC, a simple loss calculation method for
module multilevel converter is adopted [25]. And the result is shown in Table 5. To summarize,
the losses of FA2MC increases slightly compared with AAMC, but it is still significantly lower
than other types of MMC topologies.

Table 5. Losses calculation results

Topology Switching Losses Conduction Losses Total Losses
H-MMC 0.29% 0.82% 1.11%
F-MMC 0.29% 1.88% 2.18%

CH-MMC 0.29% 1.19% 1.48%
AAMC 0.16% 0.47% 0.63%

FA-MMC 0.16% 0.66% 0.82%

6.4. Comprehensive Comparison with Other Topological Structures

According to the above analysis, a comprehensive comparison between the full-bridge MMC,
half-bridge MMC, CH-MMC, A2MC, and FA-MMC is summarized in Table 6, where more “+” means
the corresponding topology performs better in the corresponding characteristic. It can be seen in
Table 6 that the FA-MMC has advantages in several aspects compared with the other topologies.
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Table 6. Comprehensive comparison with other various topology

Topology  Economy Efficiency Volume  DC Fault Blocking Capacity = Demand for Insulation

H-MMC +++ +++ + + +
F-MMC + + + ++ +
CH-MMC ++ ++ + ++ +
AAMC ++++ +++++ ++ ++ ++
FA-MMC +++++ ++++ +++ ++ +++

7. Conclusions

In this paper, a FA-MMC topology and its predictive control scheme have been proposed.
The effectiveness of the proposed topology and proposed control strategy under various operating
conditions are evaluated based on simulation studies in the PowerSIM environment and experiments,
and the comparisons with other topological structures are also given. Through the analysis
and demonstration mentioned above, the characteristics of this topology and its predictive control
strategy are summarized as follows:

(1) The sub-module capacitor number of FA-MMC reduce significantly while connecting to
the same AC voltage level and power level, results in a more compact structure;

(2) Further, it reduces the number of needed IGBTs while retaining the ability to block a DC-side
fault compared with other topologies, so that the cost of the system is reduced;

(3) The algorithm the algorithm has been proved to be able to achieve multiple control
objectives of FA-MMC simultaneously (i.e., capacitor voltages balancing and ac-side currents control).
The developed control strategy also contains a director switch control function so that the director
switch maintains operation in low-frequency and zero voltage switching mode.
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Glossary of Terms

Eac The amount of energy transferred from AC side over half the fundamental period
Epc The amount of energy going to DC side over half the fundamental period.

Vac Output ac voltage

Lac AC current

Upc DC voltage of FA MMC

Ce Equivalent capacitance while all capacitors in cells connected in series

Uee int Initial voltage of Ce when dc fault blocking

@ Angular position of AC current

Teell FA Number of cells of FA-MMC each phase

Uratep  The rated voltage of IGBT

NIGBT1 The needed number of IGBTs of FA-MMC each phase
n The needed number of IGBTs of S1-54

N a4 The needed number of cells of AAMC each phase
NIGBT? The needed number of IGBTs of AAMC each phase

Ve DC voltage of AAMC while the output AC voltage is equal to FA MMC
Vpp The voltage produced by the stack of H-bridge cells of FA MMC
S; Switching function of the ith cell

Vi The capacitor voltage of the ith cell
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Ly Buffer inductor

I The current through Lb

C The capacitor value of cell

S4 Switching function of director switch

Lg Filter inductor

I The current through Ls

Ts Sampling period

Jau, Jis Joe  Cost function

«, B Weighting factor
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