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ABSTRACT

This paper proposes a modified algorithm to interleave the carrier signals in decentralized controller
for multi-level multi-leg converter. Structure of these converters includes a number of semicon-
ductor modules which are arranged in series and parallel to compose a matrix. The serial modules
allow increasing the voltage levels of converter, while, the parallel modules allow increasing the
working power of converter, therefore, the multi-level multi-leg converter can be applied in high-
voltage high-power systems. The size of matrix can be changed by adding or removing the rows
or columns at required positions while the system is working. The multi-level multi-leg converter
can be controlled by a traditional algorithm which includes a central micro-controller using for all
modules. However, this algorithm has a disadvantage when the system has a large amount of
modules, at that time, the controller does not have enough resource to operate the algorithm.
A decentralized algorithm has proposed to solve this problem, in this method, each module has
its own controller to communicate and exchange the information with the horizontal and vertical
neighboring modules over the communication channel. From the collected information, the con-
troller of each module will calculate the phase angle of that module so that all carrier signals are
interleaved successfully. This proposed algorithm also has a disadvantage, it cannot work correctly
with matrices where number of rows and columns have non-one common divisor, they are called
special matrices. This research focus on adjusting the algorithm so that it can work with all type of
matrices including the special matrices. The ability of dynamical restructuring of system as well as
the convergence speed of the algorithm are also considered and evaluated when some modules
are added or removed. The research demonstrated the efficiency and the feasible by simulation
results and experiment results. The proposed algorithm is simulated by the MATLAB/SIMULINK

6 cells connected in series and paralle

program and is experimented on micro-controller TMS320F28069.
Key words: Multi-level Multi-leg converter, Decentralized control, Interleaving PWM, Dynamical

restructure

INTRODUCTION

In the recent years, multi-level multi-leg converters
have been strongly researched and developed, and
they are now used in numerous applications. These
converters are constructed from several switching-
11,

Each switching cell is created from semiconductor
switches and capacitors that have medium current
and voltage ratings. The serial connection allows con-

o verters to operate at high DC-bus voltage by assem-

bling multiple switching cells together *%. A leg of the
converter is formed by a series of switching cells and
an inductor. The parallel connection allows convert-
ers to operate at high load current by assembling mul-
tiple legs together >~'2. For example, Figure 1 shows a
flying capacitor multi-level multi-leg converters.

Multi-level multi-leg converter have many compo-
nents that need to be controlled. As a result, the cen-
tral microcontroller must have capability to commu-

nicate with all cells. This leads to complexity in the
control system, which may make it difficult to imple-
ment in large-scaled projects.

To overcome the disadvantages of a central micro-
controller, a decentralized control algorithm has been
13-15 " 1n this method,

each cell has its own controller and exchanges nec-

proposed in previous studies

essary information with the nearest neighboring cells
to implement the algorithm. In case of a multi-level
multi-leg converter, this approach can also be used
to establish communications between the cells in a
one-dimensional serial chain in order to interleave the
PWM signals. This process may require a relatively
high computation time to reach the steady-state for
the case of a multi-level multi-leg converter because
this type of converter contains a large number of cells
and this algorithm is implemented from the begin-
ning to the end of the chain. The configuration of this
algorithm is shown in Figure 2.
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Figure 1: Flying capacitor multi-level multi-leg converter

CELL 21

Figure 2: Basic decentralized interleaving algorithm of multi-level multi-leg converter

the 2-
dimensional (2D) decentralized control algorithm
In this method, each cell
exchanges information with the nearest neighboring

To increase the rate of convergence,
has been introduced.

cells in horizontal or vertical axis, depending on its

position '

. The only information exchanged is the
phase of the triangular wave and the decentralized
micro-controllers adjust their own phase based on
this information. However, it cannot work with

some configurations which have special number of

rows and columns, which is the disadvantage of the

conventional 2D algorithm.

In this paper, the 2-dimensional decentralized con-
trol algorithm has been improved to operate with
all configurations of multi-level multi-leg converter.
Simulation and experiment are also implemented to

demonstrate the superiority of algorithm.
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PROPOSED 2D DECENTRALIZED
INTERLEAVING METHOD

The previous studies have presented the equation for
one-dimension phase shift, as shown in (1) and (2)

ko _ k
Fpt1 7m0d(an+l (1)

+0.5mod (ak_, — ok, |,360),360)
a1];+l = o +K (Ol,lfH — af) withK € [01]
oy = mod(ay,, (2

+0.5mod x (atf_; — ok ) ,360),360)

In multi-level multi-leg converters, cells are arranged
in rows and columns, and horizontal and vertical in-
terleaving in those rows and columns are performed
sequentially.

First, the neighboring cells of the first column ex-
change information with each other to achieve the
vertical interleaving. After that, all other cells in all
rows perform horizontal interleaving simultaneously
(Figure 3). If the control systems operate correctly,
the cells will reach the expected interleaved state after
a certain duration. Because of their important role,
the first column and the first row cannot be removed
during the process of operation.

At the beginning of the algorithm, the phase of the
first cell remains constant at 0° throughout the imple-
mentation, while other phases are set to 180° and can
be changed to reach an equilibrium point. However,
this algorithm does not work for matrices where the
number of rows and columns have a non-one com-
mon divisor, these matrices are called special matri-
ces.

Some cases of matrices are shown in Tables 1, 2 and
3. As shown, the 3x3 and 4x4 matrices fail to properly
interleave the carrier of cells.

To overcome the divergence of basic 2-dimensional
interleaving algorithm for special matrices, the cell
linking must be adjusted. Specifically, the first cell of
the last row exchanges information with the second
cell of the first row. The system configuration is shown
in Figure 4.

With this adjustment, vertical and horizontal inter-
leaving can be performed simultaneously and the
problem of special matrices can be solved as shown
in Tables 4 and 5.

SIMULATION RESULTS

The simulation model is implemented using MAT-
LAB/ SIMULINK software for a 4-level 4-phase con-
verter. The inputs and outputs of a cell are shown in
Figure 5 and its parameters are explained in Table 6.
These cells are connected through IN and OUT chan-
nels for receiving and transmitting the phase angles.

Table 1: Carrier’s phase of in basic algorithm

00
Cell 11

120°
Cell 21

240°
Cell 31

120°
Cell 12

240°
Cell 22
OO

Cell 32

240°
Cell 13
00

Cell 23

120°
Cell 33

Table 2: Carrier’s phase of 3x4 converter in basic

algorithm
0° 90° 180° 270°
Cell 11 Cell 12 Cell 13 Cell 14
120° 210° 300° 30°
Cell 21 Cell 22 Cell 23 Cell 24
240° 330° 60° 150°
Cell 31 Cell 32 Cell 33 Cell 34

Table 3: Carrier’s phase of 4x4 converter in basic

algorithm
0° 90° 180° 270°
Cell 11 Cell 12 Cell 13 Cell 14
90° 180° 270° 0°
Cell 21 Cell 22 Cell 23 Cell 24
180° 270° 0° 90°
Cell 31 Cell 32 Cell 33 Cell 34
270° 0° 90° 180°
Cell 41 Cell 42 Cell 43 Cell 44

All the cells are divided into three types: the master

cell (type 0), the first cell of row (type 1) and nor-

mal cell (type 2). Each type has its own method of

communication and calculation. Besides, a cell can

be enabled or disabled by changing its EN signal. The

flowchart of the algorithm is shown in Figure 6.

In this section, three separated case studies were sim-

ulated, including two special matrices (3x3 and 4x4)

and one normal matrix (3x4). The gate signals of the

whole system operate at 10 kHz.

Table 4: Carrier’s phase of 3x3 converter in proposed

algorithm
0° 120° 240°
Cell 11 Cell 12 Cell 13
40° 160° 280°
Cell 21 Cell 22 Cell 23
80° 200° 320°
Cell 31 Cell 32 Cell 33
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Table 5: Carrier’s phase of 4x4 converter in proposed
algorithm

0° 90° 180° 270°

Cell 11 Cell 12 Cell 13 Cell 14
22,5° 112,5° 202,5° 292,5°
Cell 21 Cell 22 Cell 23 Cell 24
45° 135° 225° 315°

Cell 31 Cell 32 Cell 33 Cell 34
67,5° 157,5° 247,5° 337,5°
Cell 41 Cell 42 Cell 43 Cell 44

In addition, the dynamic response of the proposed al-
gorithm was also demonstrated through a system re-
configuration simulation. The system was simulated
in 25 ms, with a 4x4 at the beginning. The fourth
row was then removed at 5 ms, and the fourth col-
umn was removed at 10 ms. After that, these rows and
columns were reinserted to restore the original state,
with the fourth column reinserted at 15 ms and the
fourth row at 20 ms. After each reconfiguration, the
system quickly reached the new steady state. The pro-
cess of reconfiguration is shown in Figure 7 and the
simulation results are shown in Figure 8 to Figure 10
respectively.

As shown in Figure 11, the proposed algorithm
worked perfectly with the two types of matrices, all
the carrier’s phase of all cells reached a steady value
after a short duration.

INT OUTT
y ¢

EN

TYPE
OUT_L «— -

i

INB OUTB

IN_L —» J— N R

—» OUT_R

Figure 5: Model of a cell

EXPERIMENTAL RESULTS

In this section, some experimental results will be
presented. The experimental model contains 16
cells which are arranged in 4x4 matrix. Every
cells are controlled by their own micro-controller
TMS320F28069 which are loaded the same pro-

gramme. The switching frequency is fixed at 10 kHz.

Communication channels are set-up to exchange in-
formation between the cells. Each micro-controller
has two types of communication, so it is suitable for
the systems with many rows and columns. Serial pe-
ripheral interface (SPI) and serial communication in-
terface (SCI) are used for horizontal communication
and vertical communication respectively. The baud
rate of all communication channels is fixed at 5 Mbps.
Because the amount of bits is limited for each trans-
fer, a data must spend many stages to be communi-
cated and synthesized completely. These stages must
be synchronized in order that the algorithm operates
accurately. The first micro-controller has the role of
the master, which generates the synchronization sig-
nal for all other controllers. Frequency of the synchro-
nization signal is 50 kHz, this value guarantees that
everything can be done completely in a switching cy-
cle.

The experimental model was made in the laboratory
and is shown in Figure 12. Some of the experimental
case studies are similar to those described in the pre-
vious section. The carrier signal’s phase of each cell is
observed through a LCD display, as shown in Table 7
to 9. The gate signal of the cells are shown in Figure 13
to Figure 15.

CONCLUSION AND DISCUSSION

In this paper, a modified 2-dimensional interleaving
algorithm for multi-level multi-leg converters is pre-
sented. The proposed algorithm can efficiently handle
special and normal matrix cases, and it demonstrates
fast convergence to a steady state even when the sys-
tem undergoes dynamic reconfiguration. Our simu-
lations and experimental results showed that the pro-
posed algorithm outperforms existing approaches in
terms of simplicity. Furthermore, the proposed algo-
rithm is scalable and can be extended to support con-
verters with a higher number of levels and phases.
The experimental results confirmed the effectiveness
of our approach in a practical setting. The experi-
mental setup demonstrated that the proposed algo-
rithm can be implemented using commercially avail-
able micro-controllers and can achieve stable opera-
tion with high accuracy.

Overall, the proposed algorithm has significant po-
tential for applications in power electronics and can
contribute to the development of more efficient and
reliable multi-level multi-leg converters.
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Table 6: Parameters of experimental model

IN_L
OUT_L
IN_R
OUT_R
IN_T
OUT_T
IN_B
OUT_B
EN

TYPE

Carrier’s phase from the left cell
Carrier’s phase to the left cell
Carrier’s phase from the right cell
Carrier’s phase to the right cell
Carrier’s phase from the top cell
Carrier’s phase to the top cell
Carrier’s phase from the bottom cell
Carrier’s phase to the bottom cell
Enabled signal of cell

Type of cell

Carrier’s phase of this cell

a=0

OUT_R = IN_L
OUT_L=IN_R
OUT_T=IN_B
OUT_B=IN_T

a=0

OUT R=a
OUT_L=a
OUT_T=IN_R
OUT_B=a

y OUT R =a

> e OUT_ L=«
(YPE==1 OUT_T=a
OUT_B=a

a = mod(IN_B + 0.5mod(IN_T - IN_B, 360), 360)

a = mod(IN_R + 0.5mod(IN_L — IN_R, 360), 360)

OUT_R=a
OUT L=a
OUT_T=a
OUT_B=a

END

Figure 6: The flowchart of proposed algorithm
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Figure 8: Simulation result of 3x3 system
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Table 9: Carrier’s phase of model 4x4 converter
000,00 090,00 180,00 270,00
Cell 11 Cell 12 Cell 13 Cell 14
022,50 112,50 202,50 292,50
Cell 21 Cell 22 Cell 23 Cell 24
045,00 135,00 225,00 315,00
Cell 31 Cell 32 Cell 33 Cell 34
067,50 157,50 247,50 337,50
Cell 41 Cell 42 Cell 43 Cell 44
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Figure 10: Simulation results of 4x4 system
Table 7: Carrier’s phase of model 3x3 converter Table 8: Carrier’s phase of model 3x4 converter
000,00 120,00 240,00 000,00 090,00 180,00 270,00
Cell 11 Cell 12 Cell 13 Cell 11 Cell 12 Cell 13 Cell 14
040,00 160,00 280,00 030,00 120,00 210,00 300,00
Cell 21 Cell 22 Cell 23 Cell 21 Cell 22 Cell 23 Cell 24
080,00 200,00 320,00 060,00 150,00 240,00 330,00

Cell 31 Cell 32 Cell 33 Cell 31 Cell 32 Cell 33 Cell 34
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tralized controllers
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Bai bao nay trinh bay mét phuong phap céi tién dé sép xép xen ké cac séng mang trong viéc diéu
khién phan tan cac bo bién déi da pha va da bac. Cau tric clia cac bd bién ddi nay bao gém nhiéu
module ban dan dugc sép xép ndi tiép va song song hop thanh moét ma tran. Cac mo-dun ghép
ndi ti€p cho phép tang sé bac dién &p clia b bién ddi, trong khi do, cdc mo-dun ghép song song
cho phép tang céng sudt lam viéc clia bd bién di, do do, b bién ddi da bac va da pha co thé
dugc tng dung trong cac hé théng dién dp va cong sudt I6n. Kich thudc clia ma tran nay co thé
dugc thay d6i bang cach thém hodc bt hang va cét tai céc vi trf yéu cau trong khi hé théng dang
hoat dong. Bo bién déi da pha da bac cé thé dugce diéu khién bang phuong phép truyén théng
bao gém mot bo vi diéu khién trung tam dé diéu khién toan bo cac mo-dun. Tuy nhién, phuong
phép nay gap bat lgi khi hé théng co s6 lugng mo-dun 16n, khi d6, bo diéu khién cé thé khéng
c6 du tai nguyén dé van hanh thuat toan. Phuong phap diéu khién phan tan dugc dé xuat dé giai
quyét van dé nay, trong phuong phap nay, mé&i mo-dun cé mot bo diéu khién rieng dé giao tiép
va trao déi thong tin vai cac bd diéu khién 1an can theo phuong doc va ngang thong qua cac kénh
truyen thong TU cac thong tin thu thap dugc, bo diéu khién ctia mdi mé-dun sé tinh toan goc pha
clia moé-dun dé sao cho tat ca cac sébng mang dugc xen ké thanh cong. Phuong phap dé xuat nay
van con khuyét diém do 1a khong thé hoat déng dung véi cdc ma tran ma hang va cot la cac s6 co
udc chung khac 1, day dugc goi la cdc ma tran dac biét. Nghién ctiu tap trung vao viéc diéu chinh
thuat toan dé co thé hoat dong tét vdi tat ca cac loai ma tran, bao gdm ma tran dac biét. Kha nang
tai cau tric dong hé théng khithém bdt mé-dun cling nhu tée dd héi tu ctia thuat todn cling dugc
xem xét va danh gid. Nghién clu dugc chiing minh tinh hiéu qua va tinh kha thi théng qua cac
két qua mod phong va két qua thuc nghiém. Gidi thuat dé xuat dugc méd phong bang chuong trinh
MATLAB/SIMULINK va dugc thuc nghiém bang vi diéu khién TMS320F28069.

Tur khoa: Bo bién déi da pha da bac, Diéu khién phan tan, Biéu ché do réng xung dang xen ké
séng mang, Tai cau tric dong

Trich dan bai bao nay: Anh N B, Diing P Q, Gateau G. Cai ti€n thuat toan xen ké séng mang trong
phuong phap diéu khién phan tan hai chiéu cho bé bién d6i da pha va da bac. Sci. Tech. Dev. J. - Eng.
Tech. 2024; ():1-1.
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