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ABSTRACT

This paper presents a method for implementing decentralized space vector pulse width modulation
(SVPWM) (DSVPWM) for a three-phase multilevel power converter (TPMPC). The three-phase power
converter discussed in this study has a dynamic refactor consisting of multiple cascade modules
connected in series in each phase. Each module consists of a cascade dynamic circuit and a local
controller. Local controllers will establish a limited number of communications with neighboring
controllers, the communication signal used are row and column position cells, reference voltage
amplitude, and reference voltage frequency. The DSVPWM method can be considered as a multi-level
modulation technique, which can be automatically adjusted based on the number of modules operating
in the converter. The execution program of each local module shows a lower number of calculations
compared to the power converter using a central controller. The proposed power converter can
automatically adjust the dynamic refactoring when a fault occurs to meet the flexibility in control and
improve the continuity of power supply in operation. The proposed model and modulation algorithm
are analyzed, tested on Matlab/Simulink software.

Keywords: Decentralized control, decentralized SVPWM, multilevel power converter, cascade full
bridge converter.

1. INTRODUCTION

The emergence and development of power converters is closely linked to the development of
microprocessors. Typically, power converters use a microprocessor as a central controller [1]. As power
converters develop, the central processor must increasingly have high processing speed, large connectivity
and control capabilities [2]. This is sometimes an obstacle to the design of multi-level power converters
and in some cases can lead to quite high processor costs. The core feature when using a central controller
is to concentrate all calculations in a single entity. During operation, if an error occurs (loss of connection
signal, power error, phase loss, etc.), the system must stop immediately and it takes a relatively long time
to re-establish the connection and correct the program. Therefore, flexibility in operation and continuity in
power supply may not be achieved. Although it is known that advances in technology and manufacturing
techniques allow the production of microprocessors with increasingly high computing speed and
connectivity. However, the expansion of control connectivity and processing speed still has certain
limitations in the design and manufacture of microprocessors.

The trend of designing power converters in modular form is increasingly interested [3-5]. The
modular structure allows power converters to operate flexibly, flexibly in control, easy to maintain and
repair when necessary. In the power converter, modules in the form of half bridge [4], full bridge
cascade [6], flying capacitor can be connected in series [7,8]. The number of modules connected in
series in each phase allows to adjust the voltage amplitude, the number of voltage levels, the switching
voltage level... thereby achieving the criteria of voltage quality and power on the load. The pinnacle of
the modular structure is used in the decentralized control structure of multilevel power converters. Each
module will include a local controller to calculate the necessary switching pulses to directly control the
power keys of that module. It can be said that the tasks of the central controller (for centrally controlled
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power converters) will be divided for each module in the distributed power converters. Microprocessors
with large size, speed and computational capacity are replaced by local processors with low
computational requirements and control connectivity [9].

Multilevel modulation techniques have been developed around two main methods: carrier pulse
width modulation (CPWM) [10-14] and SVPWM [1,15,16]. The CPWM includes phase shift (PS),
phase disposition (PD), phase opposition disposition (POD),... which are processed on an analog
technical platform. The switching pulse of each module is calculated and processed in each individual
phase of the power converter. Meanwhile, the space vector pulse width dynamic modulation method is
processed on a digital platform. The switching pulse of each power switch is calculated in a single
central whole, which is convenient for establishing improvements related to the output power quality.
Therefore, the SVPWM method shows that it is very suitable for deployment on current
microprocessors. The multilevel modulation method using SVPWM technique has been deployed for
single phase, three-phase, and multiphase power converter structures; In which, three-phase is the most
typical case, with the most applications in industry and civil.

Studies on decentralized control power converters using CPWM have given some very promising
results, including: using the PS method for multi-module parallel structures to perform DC/DC
modulation [17,18]; using the PS method for multi-module capacitor coupling to perform DC/DC and
DC/AC modulation [17,19]; using the PS method for multi-module half bridge and full bridge cascade
structures to perform DC/AC modulation [20]. Each module has synthesized for itself carrier waves
with appropriate frequencies and amplitudes based on receiving information about carrier amplitude
[20], carrier phase angle [18], position... of neighboring modules [20]. Meanwhile, studies on
decentralized control power converters using SVPWM have only had some initial results but are very
promising and have many prospects in the future.

Based on the structure and the quality index to be achieved, there are many ways to implement
SVPWM technique for multilevel power converters. The first method that can be considered is to divide
the vector space to be modulated into each modulation region and apply specific algorithms to each
modulation region to achieve the desired power quality [21]. This method has the advantage of being
able to accurately impact each smallest specific region in the multilevel space vector. However, this
leads to a complex calculation process and is often applied to structures with predetermined levels,
making it difficult to develop and expand when the number of voltage levels increases. The second
method is introduced as a general modulation method for structures with any number of voltage levels
[9,22]. This study is conducted by converting the vector space from multilevel to two level vector space,
calculating the necessary switching parameters and then converting to multilevel space to determine the
required switching vector and switching time. In addition, as the number of modules increases, the
number of modulation voltage levels increases, resulting in a very large number of microprocessor
calculations. This is a common problem when power converters are designed with a central controller.

This study introduces the connection and control diagram between local controllers; and method
of switching pulse modulation for a decentralized TPMPC based on SVPWM technique. The proposed
structure and method of DSVPWM show that the computational volume of each local controller is
greatly reduced when compared to classical power converters with a central controller. The research
proposal allows for quick and convenient dynamic adjustment of the power converter structure to ensure
flexibility in control and optimization when necessary. The switching pulses provided to the full bridge
cascade power switches are calculated by the local controllers when they aggregate: voltage amplitude
and frequency from other controllers; controller position in phase and phase position; total number of
controllers that are active. A decentralized three-phase, 13-level cascade converter model is built in
Matlab/Simulink software to verify the proposals.

2. THE SVPWM METHOD FOR LOCAL CONTROLLERS OF DECENTRALIZED
POWER CONVERTERS
2.1 Proposed structure

Figure 1 shows the interconnection structure of the IGBTs of the cells together, each cell has 4
IGBTs connected in a cascade structure, each cell has used a DC voltage source with a constant
amplitude V4. Meanwhile, a proposed communication proposal for the decentralized control TPMPC
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is shown in Figure 2. The number of signals and control functions used by each local controller are
shown in Table 1. The EN signal enables a cell to work or stop working.

2.2 Proposed SVPWM algorithm

Where i, is the position information of the cell in the phases, p is the total phases of the inverter
(in this study p = 3). To determine the location of the cell in which phase, the study uses a simple
sequential numbering method as presented in equations (1), (2). Cells at phase a have no information
about the previous cell so i, ;»= 0.
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Figure 1. Connection diagram of insulated gate bipolar transistor (IGBT) modules
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Table 1. The signal pins of one cell

Symbol Description
EN Enable or disable cell operation
Vit in Get signal reference voltage from the previous cell
Fif in Get reference frequency from the previous cell
inti Get position information from the previous cell in a phase
In-1 Transmitted position information to the next cell in a phase
ip_in Get position information from the previous cell in a column
Ip_out Transmitted position information to the next cell in a column
Nep_in Get total cells information from the previous cell in a phase
Nep our Transmitted total cells information to the next cell in a phase
clkin, clkous Synchronous pulse transmission and reception
Vis out Transmitted reference voltage to next cell in a phase
Fif our Transmitted reference frequency to the next cell in a phase
S1,S1,52,82 The PWM control
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Figure 2. Communication between local controllers with DSVPWM method
A similar procedure is established to calculate the position of cells i,’f in each phase as shown in
equations (3)-(5). The first cell in each phase has no information so l =0 . The position information

of the last cell in each phase is the total active local controllers N, Cp , this 51gnal is transmitted from the

first cell to the last cell in each phase.

ik =ik w1 )
ix =ik, )
Nk, =NE =Nk 5)

cp_out cp_in
The positive-sequence reference voltages for the three-phase multilevel inverter can be expressed

by (6), where VrL in denotes the amplitude of the reference signal:
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Under the multilevel SVPWM scheme, as shown in equation (7), the modulation voltage at the
output can be interpreted as an integer multiple of the voltage amplitude provided by a single cell.

k
V. . T
k _ Tref __ k k k
Vr - K |:vr1 VrZ vr3:| 7
dc

In equation (8), the floor(x) operator is applied to extract the integer portion of the reference

voltage, whereas equation (9) determines its fractional component. The resulting fractional values v,

are then sorted in descending order, as defined in (10).

Vi = floor(v ) ®)
Vi =vi - ©)

ko Koy [k k e
Vi = SO”t(Vf) = [stz Viz Vfﬁ] (10)

The matrix A of dimension 1x4 is derived, with its entries determined by expression (11), (12).
The matrix D is then introduced as specified in (13).

A=[0 4 4 4] (11)
. 1 "f["f(iﬁ’lﬂzvfs(g’])
S0y ()] # v, (2 1) (12)
withg=2:4
1111
|01 1 13
oo 11 (13
00 0 1

The switching vector for the 2-level modulation stage is subsequently determined as expressed in (14).
k _ gk _ k k k k
v, =AD" = [Vau Viz  Vas Vd4] (14)

In the last step, the switching vector Vv, is specified by equation (15). The associated switching

intervals f are subsequently derived from the set of relations given in (16)-(20).

k _ _k k sk _ k k k k
vs o Vd +vi (lp’]) - |:vsl vs2 vs_? vs4] (15)
=t it ] (16)
u=p+I
D=1 17)
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Figure 4. Program execution flowchart of each cell with DSVPWM method
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=1 (1) "

t;]:+1 :V,];'r(p—i_l’]) )

1} =ViG-1.)-vG.D) (20)
withj=2+3

The largest element in the v_vector is determined using the function max(x) as (21)

e = max() 1)
0 ifvfmax <0
B=<1 if(vfmax > O)and(vé{max # z,]g) (22)
PWM(tf) zf(vfmax > O)and (meax = z,];)
] !fvfﬂ'lax = 0
H=10 i (g <0)and (14, =i ) (23)

PWM(ty) zf(vfmax < O)and(vk = —i,lf)

smax

As depicted in Figure 1, the IGBTs within each module operate according to the control signals
defined in equations (22) and (23). A value of B = 1 commands the device to conduct, whereas B = 0
forces it into the non-conducting state. For all other operating modes, the IGBT switching behavior is
governed directly by the PWM waveform. The switching sequence of a PWM signal is illustrated in

Figure 3, where the corresponding conduction 7, and turn-off durations 7, are determined using
equations (24) and (25).
vV =V

5 smax
vs # vwm.\' v_g * v_wmj\'
toﬁ / 2 I()n ’Dﬂ /2

«—>

“—>

Figure 3. Trigger signal

u=p+I

_ . _ .k
ton - z tsu lf‘(vfu - vsmax) (24)
u=1

toﬁ’ = ] - ton (25)

In the proposed structure and modulation method, the output voltage is the voltage contribution
of the cells that are still operating in the TPMPC, the output phase voltage has the largest amplitude
satisfying equation (26). Where m be the modulation index, m is determined according to equation (27).
The control program of each cell is performed according to the algorithm flowchart of Figure 4.

vout_max = Ncp * I/a’c (26)
1%
m=—% 27)
Vdc
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Table 2. The number calculations in a PWM cycle of SVPWM and DSVPWM technique

Calculation SVPWM technique DSVPWM technique
process
vref is an 3-by-1 matrix vref is an 3-by-1 matrix.
vref N,=3 N, =3
vr is an p-by-1 matrix vr is an 3-by-1 matrix
v N,=3 Ng,=3
vfs is an 4-by-1 matrix vfs is an 3-by-1 matrix
vis N;=4 Ny=3
P is an 4-by-4 matrix A is an 1-by-4 matrix
N, = ¥ Ny =4
Permutation matrix P
> Ny;s=0
N;=4
vd vd is the product of two matrices 4-by-4 vd is the matrix product of 1-by-4 and 4-by-4
N :243 Ny :§42
NA,7:Z422+342 N(,,:Z4*3+£42+§4
8 2 8 4 4
vd is an 3-by-4 matrix vd is a 1-by-4 matrix
vs is the sum of two matrices 3-by-4 vs is the sum of two matrices 1-by-4
Vs Ny=3%*4 Ny =4
vs is an 3-by-4 matrix vs is a 1-by-4 matrix
ts is an 3-by-4 matrix ts is a 1-by-4 matrix
' N, =3%4 N, =4

2.3 Evaluation of the computational requirements per PWM cycle for SVPWM and DSVPWM
schemes

Expressions (28) and (29) [23] specify the number of arithmetic operations involved in
multiplying and adding the matrices A(x,y) and B(y,z). Using these expressions, Table 2 presents the
computational requirements for each modulation stage of the conventional SVPWM method [24] and
the proposed DSVPWM scheme. The results indicate that one switching cycle of SVPWM requires a
total of 222 calculations, whereas the proposed method completes the cycle with only 64 calculations.
This corresponds to a reduction in computational effort by a factor of about 3.5.

Nmul:Z'x’:yZ (28)
8
7 5 5 8
N  =—x(y-2)z+—xy+—yz+—xz 29
aid ~ g »-2) 430’ 4y p (29)

3. SIMULATION RESULTS AND DISCUSSION
3.1 Configuration and simulation parameters

The three-phase, 13-level power converter is built on Matlab software; each phase has 6 full cells
connected in series; Simulation parameters are shown in Table 3. Simulations of TPMPC operation to
analyze the main issues:

- The ability to automatically configure the system in the normal operating state, the cells will
accurately determine their own position in the phases and the phase position that the cell is locating.

- The system can accurately construct the output voltage so that it matches the prescribed reference
voltage.
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Table 3. Simulation parameters

Parameter Symbol Unit Value
DC voltage of each cell Vdc A% 100
Modulation index m 5.8
Load L H 0.01
R Q 10
Switching frequency fsw kHz 10
Reference frequency Frf Hz 50
Sampling time Ts s 10

- The system is capable of automatically adapting its dynamic refactoring when cells are added to
or removed from the phases. Each cell updates its position within the corresponding phase, along with
the information regarding the total number of active cells. As a result, the output voltage is synthesized
accurately based on the voltage contribution of each active cell.

3.2 Simulation results

Figure 5 shows the process of cells determining their own positions in phases and columns. After
three calculation steps, the cells have determined their phase positions, and after six calculation steps,
the cells have determined their own positions in cells.

In the structure of a TPMPC, the number of cells in each phase is usually larger than the number
of phases, so the time it takes for the system to complete configuration from start-up may be calculated
by the number of cells in the phases. Therefore, the configuration time of the N, system can be calculated
as equation (30).

N:=Ng 30)

At start-up, the power converter operates with full cells, modulation index m = 5.8, reference
frequency is S0Hz. Then, the simulation process is carried out as described in Figure 6. Figure 7 presents
the simulation results showing the cell positions in phase and column, phase voltage and load current
waveforms. With six cells contributing to each phase, the output phase voltage achieves 13 distinct
levels, and its frequency responds exactly to the specified reference frequency.

At 0.04 seconds, three cells C_13, C 23, C 33 stop working, the signals to the stopped cells will
be transmitted directly from the input to the output, the 5 active cells in each phase quickly adjust their
own positions, re-determine the appropriate switching vectors and switching times. The output phase
voltage has 11 levels as the voltage contribution of the 5 cells, the maximum reference voltage amplitude
that can be achieved is 500V.

The simulation results show that the voltage switches to a stable new state very quickly, and the
transition process has no significant impact on the required voltage quality.

c 3 w8
£ ©
225 &5
[5] F=
2 2 2, C_11
£ E c 12
=15 = C_13
3 — | — |
8 3 c_14
s 1 5, c_15| |
o C 11 c o 16
(=] '
= 05 C 211 k=)
‘@ C 31 T
o = i o
a 0 o UJ | | |
0 0.5 1 15 2 0 0.5 1 15 2
Time (seconds) %1078 Time (seconds) %1078
a) b)

Figure 5. Position of cells; a) Position of cells C 17, C 21, C_31;b) Position of cells C 11,
C 12,C 13, C 14, CI5 C_16.
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Figure 7. Simulation results in case of dynamic restructuring; a) Position of cells C_/1, C_21, C_31,
b) Position of cells C 11, C 12, C 13, C 14, C15, C _16; c) Three-phase voltage; d) Load current

At 0.08 seconds, four cells C 14, C_24, C_34 continue to be removed, the remaining cells in the
phases quickly adjust to the new state, the position of cell C_17 is 1, the position of cell C_12 is 2, the
position of cell C_15 is 3, the position of cell C_16 is 4, as shown in Figure 7a. The remaining phase
voltage is a maximum of 400V, there are 9 levels, the difference between the levels is still exactly 100V,
the voltage frequency responds exactly to the reference frequency of S0Hz. This simulation result also
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shows the same in the period from 0.16 seconds to 0.2 seconds when the TPMPC has 4 active cells in
each phase.

At 0.12 seconds, the cells C_13, C 23, C_33 are reinserted to continue working, each phase has 5
active cells, the output voltage has 11 levels, the position of the cells is quickly adjusted and rearranged
from 1 to 5, the voltage between two levels is still stable with a value of 100V.

The tests have shown that during operation, the DSVPWM method and the proposed structure can
ensure that the system performs dynamic refactoring, the TPMPC does not require to stop operating.
This is one of the factors affecting the reliability and operation of the energy conversion system.

4. CONCLUSIONS

The decentralized three-phase multilevel power converter using SVPWM method has been
successfully used to find the switching pulse for each local cell. The calculation program of each cell
shows a significant reduction in the amount of calculations when compared to the use of a central
controller, which opens up the prospect of using low-speed and low-computation microprocessors in
the design of power converters. The proposed decentralized power converter also shows the ability to
automatically adjust the dynamic refactoring in case of adding or removing a cell, which contributes to
increased operational flexibility and reliability in the ability to provide continuous, uninterrupted power.
The content presented in this paper is limited to the analysis and evaluation on the simulation model.
This research direction will continue to be considered and implemented on the experimental model, the
detailed analysis and evaluation when implemented on the experimental model will be conducted and
published in the coming time.
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TOM TAT

DPIEU KHIEN CAC BO BIEN BOI CONG SUAT PHAN TAN BA PHA DA BAC DUNG SVPWM

Nguyén Phu Coéng"*, Lé Khic Sinh!, Phan Qubc Diing?
"Triong Pai hoc Cong Thwong Thanh phé Ho Chi Minh
2Truwong Pai hoc Bach Khoa Thanh phé Ho Chi Minh
*Email: congnp@huit.edu.vn

Bai bao nay trinh bay cach thirc trién khai phwong phép diéu ché do rong xung vec-to khong gian
phan tan (SVPWM) (DSVPWM) cho céc bo bién déi cong suét ba pha, da bac (TPMPC). Bo bién ddi
cong suat ba pha duoc dé cap trong nghién ctru ndy ¢ cau hinh mach bao gdm da mo-dun cascade ghép
nbi tiép trong moi pha. Mbi mé-dun bao gdm mot mach dong luc cascade va mot bo diéu khién cuc bo.
Céc bo diéu khién cuc b sé& trao ddi thong tin han ché vai cac mo-dun lan cén, thong tin giao tiép co
thé 1a vi tri mo-dun theo hang va theo cot, bién do dién ap tham chiéu, tan sb cia dién ap tham chiéu.
Phuong phap DSVPWM c6 thé duge xem xét nhur 1a mot ki thuat diéu ché da bac, phuong phap c6 thé
tu dong diéu chinh dua trén s lwong mo-dun dang hoat dong trong hé théng. Chuong trinh thyec thi cua
mdi moé-dun cuc bd cho thiy sb luong phép tinh thap hon so vdi bd bién ddi cong sudt st dung mot bd
diéu khién trung tim. B bién do6i cong suat dé xudt co thé tu dong diéu chinh céu trac dong khi c6 156i
xay ra nhim dap ung tinh linh hoat trong diéu khién va néng cao tinh lién tuc cung cép dién trong van
hanh. Céu trac va giai thuat didu ché dé xuit dugc tién hanh danh gia trén phdn mém mé phong
Matlab/Simulink.

Tt khéa: Didu khién phan tan, dleu ché d6 rong xung vec-to khong gian phan tan, bo bién doi cong suat
da béc, bo bién ddi cong suat ndi tang.

41



