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ABSTRACT In the field of power electronics research, the expansion of the number of phases and voltage
levels in power converters may pose several challenges for central processors. In the space vector pulse width
modulation (SVPWM) method, the microprocessor must simultaneously calculate the multi-vector switching
and the corresponding switching time based on complex computational algorithms. The complexity of the
algorithm flowchart tends to increase significantly as the number of phases and voltage levels increase.
This problem can be easily solved in decentralized controlled power converters. The decentralized control
structure and method allow cells to divide themselves into tasks based on limited information exchange
with neighboring cells. This study presents a decentralized control topology for a multilevel multiphase
power converter (MMPC) using the SVPWM method. Depending on the number of active cells, each cell
exchanges information with its neighbors, determining the exact switching vector and switching time. Using
this approach, the requirements for computing power and processing speed of the cells are significantly
reduced. Digital signal processing (DSP) TMS320F28379D is used as a controller of cells to verify the
proposed structure and method in addition to simulation results using on MATLAB/Simulink software.

INDEX TERMS Multicellular converter, multilevel multiphase power converter, decentralized control, space
vector pulse width modulation, decentralized power converters, dynamic reconfiguration, multicell serial-

parallel converters.

LIST OF ABBREVIATIONS
AC Alternating current.
CPWM Carrier pulse width modulation.
DC Direct current.
DSP Digital signal processing.
FFT Fast fourier transform.
dSPACE Digital signal processing and control
engineering.
IGBT Insulated gate bipolar transistor.
MMPC Multilevel multiphase power converter.
NPC Neutral point clamped.

PWM Pulse width modulation.
SVPWM  Space vector pulse width modulation.
THD Total harmonic distortion.
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I. INTRODUCTION

The technology of MMPC is increasingly perfected to
improve power quality, reduce harmonics on the power grid,
reduce switching losses, reduce switching voltage, reduce
voltage stress, high-voltage modulation with voltage-limited
components [1], increase electromagnetic compatibility, and
increase equipment performance. The modular structure of
power converters has been an inevitable development trend of
power converters in medium and large power applications [2],
[3]. In this case, the number of modules that the central
processor has to manage and control is large, monitoring
and controlling the voltage between the modules [4], [5],
monitoring and controlling the current between phases [6],
performing power quality enhancement algorithms, and pro-
viding appropriate pulse width modulation (PWM) signals
for modules [7]. This is a difficult problem when imple-
menting the MMPC. In addition, in some applications, if one
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or several modules need to stop working, possibly owing
to damage or operational optimization, the MMPCs need to
re-establish connections, and it is necessary to adjust the con-
trol program of the module to match the number of modules
that are still in operation; this process requires the system to
stop working and can take a long time to adjust.

The carrier pulse width modulation (CPWM) method has
been widely deployed in MMPC [8]. Multilevel CPWM tech-
niques can be mentioned as phase shift, phase disposition,
phase opposition disposition, alternative phase opposition
disposition, ... The biggest advantage of CPWM technique is
easy implementation [9], [10]. This advantage becomes even
more pronounced as the number of phases of the power con-
verter increases because this technique controls each phase
separately. Therefore, the implementation of CPWM in mul-
tiphase converters is simple. However, the CPWM method
is implemented based on analog modulation technology and
there is no common algorithm for all configurations.

In multilevel modulation, the SVPWM technique simul-
taneously processes all signals as an overall process [11].
Therefore, the SVPWM method stands out for its ability to
optimize switching states, which is suitable when deployed
on digital microchips [12]. The SVPWM method has proven
to be effective, providing numerous performance-enhancing
benefits in single-phase and three-phase systems. In gen-
eral, the multilevel SVPWM modulation algorithm and
method are calculated based on a given configuration with
a predetermined number of modules in each phase and a
predetermined number of phases, and they do not change
during the operation [13]. The SVPWM method is used
as a switching pulse modulation algorithm in 3-phase [14],
5-phase [15], 6-phase [13], dual-six-phase [16], and dual-
three-phase applications [17].In addition to the main task
of providing flexible switching solutions for insulated gate
bipolar transistor (IGBT) switches, research on the SVPWM
method focuses on solving the following problems: voltage
balance of capacitors in a multilevel neutral point clamped
(NPC) inverter model [18], balance voltage between modules
in multilevel multiphase power converters [19], reduction
of common mode voltage [20], reduction of total harmonic
distortion (THD) [15], reducing switching loss, solving the
problem when the power converter works in over-modulation.
Recently, the core value of the SVPWM method has been
enhanced by finding a general implementation for multilevel
multiphase power converters. The multiphase, multilevel
modulation algorithm can be applied to inverters with any
number of phases and levels. However, this topic has not been
extensively studied or published. Therefore, this is a potential
research direction and has many applications.

Studies [21], [22] presented a modulation technique for
multilevel multiphase power converters, which converts the
multilevel multiphase problem to a 2-level multiphase plat-
form. The switching vectors and switching time are adjusted
to multiphase, multilevel space based on the results of 2-level
multiphase calculation. Currently, no commercial digital
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signal processor has sufficient built-in pulse width modu-
lation units to drive all the switches. Typically, multiphase
multilevel power converters are controlled by combining a
field programmable gate array (FPGA) and digital signal pro-
cessing and control engineering (ASPACE) [22]. In addition
to generating PWM signals for all switches, the processor also
has to connect a lot of feedback signals about voltage and
current, although the connection ability, the calculation speed
of the FPGA, and dSPACE is quite high, when the number
levels and phases of the system increase, this is also a matter
of concern and consideration.

The idea of dividing the execution duties of the central
processor can be easily solved using decentralized control
structures in the power converters. The main concerns for
decentralized power converters were the ability to accu-
rately modulate the required voltage, system startup time,
and reconfiguration time when changing the configuration.
Dynamic architecture, reliability in operation and control, the
ability to connect modules according to the flexible power
and voltage needs of the applications...Recent studies have
focused on three models of decentralized power converter
control:

- First, the controller is divided into main and
sub-controllers or local and central controllers [23], [24].
When using this structure, the advantage is that the controllers
are divided into execution tasks, thereby reducing the amount
of computation of the modules compared to using a central
processor. However, when it is necessary to change the
structure or expand the system, the power converter must
stop working, reestablish many connections and modify the
program of the modules.

- Second, the modules of the decentralized power converter
use the collected voltage and current analysis results of the
module to generate an appropriate PWM signal for the mod-
ule itself [25], [26]. The advantage of this structure is that
the modules are completely decentralized, and there is no
need to establish any communication information. However,
the implementation algorithm in the modules is relatively
complex and can only be applied to some IGBT connection
models.

- Third, the cell calculation algorithm is implemented
based on the limited information exchanged between two
neighboring cells [27], [28], [29]. Cells of decentralized
power converters can operate on their own based on the
exchange of a limited number of signals, which quickly
proves to be highly efficient and easy to scale to the num-
ber of levels and phases. A carrier pulse width modulation
method was developed in this study. Based on the information
exchanged with neighboring cells, the task of each cell is to
synthesize its own carrier with the appropriate frequency and
amplitude. The information needed for the cell to synthesize
the carrier can be the carrier amplitude [30], carrier phase
angle [31], [32], cell location [30], total cells [30].

Meanwhile, decentralized power converters using the
SVPWM method have not been fully researched or published.
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Studying [33], [34], the cell determines its own position using
the phase angle shift algorithm, which calculates its own
switching vectors and appropriate switching times in a multi-
level single-phase decentralized power converter. In general,
the study [34] presented the SVPWM method for decentral-
ized control multilevel power converters, where the switching
vector and switching time are calculated based on the location
information of the cell. The results show that it is possible to
apply SVPWM to decentralized power converters. According
to the research results, based on the number of modules
present in each phase, the number of phases of the system,
modulation voltage, and SVPWM algorithm of the cells gen-
erate all the switching vectors and switching times of the
cells. Then, based on the information of the cell’s position
in the phases and the position in a phase, the cells choose the
appropriate switching vectors and switching times. Thus, the
computational volume of the cells is still very large, limiting
the superiority of decentralized power converters, and it is
necessary to adjust the algorithm to simplify the program
execution of each cell.

This paper presented the structure and method of SVPWM
for decentralized multiphase and multilevel power converters.
The tasks performed for the cells were divided according
to the arrangement of the cells in the phases and the positions
of the cells in each phase. Each cell uses a cascade full-bridge
model with a fixed direct current (DC) voltage source. The
output alternating current (AC) voltage is the sum of the volt-
ages of the active cells in the system. This study demonstrates
the effectiveness of reducing the execution workload of each
cell compared to the case of using a central processor. In addi-
tion, when changing the number of cells in each phase or
changing the number of phases to suit the application, the pro-
posed structure and method allow the system to automatically
correct the structure without having to stop. The remaining
content of this research is organized as follows. Section II
presents a proposed configuration and SVPWM method for
a decentralized multilevel multiphase converter: proposing
the DSVPWM algorithm, building a program implementation
flow chart for each cell, comparing and evaluating calculation
ability between the two traditional CPWM method and the
proposed DSVPWM method. In section III, the verifications
include: system configuration, response of output voltage and
load current according to reference voltage, system response
when simulated dynamic restructuring occurs. In section IV,
the proposals will be verified through an experimental model
using DSPs as cell controllers. Finally, Section V concludes
the work.

Il. PROPOSED CONFIGURATION AND SVPWM METHOD

FOR MULTILEVEL MULTIPHASE CONVERTERS
A. PROPOSED DSVPWM ALGORITHM

The multilevel multiphase power converter is introduced as
shown in Fig. 1, which includes p phase, each phase consists
of n cell cascade full bridge in series. Fig. 2 shows the control
connection diagram between the cells of the proposed multi-
level multiphase inverter. The inputs and outputs of the cell
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FIGURE 1. Multilevel multiphase cascade full bridge power converter.

TABLE 1. Input and output of cell controller with DSVPWM method.

Symbol Parameter

EN Enable

Vo in Received signal modulation voltage from primary cell
F, . Received modulation frequency from the previous

cell

6, Index from cell n-1 in a phase
0, Index from cell #n+1 in a phase
0,, Index from cell #-1 in a column
0,., Index from cell n+1 in a column
clk, Received synchronous clock pulse from primary cell
Vv Transmitted signal modulation voltage to next cell
m_out
F, . Transmitted modulation frequency to the next cell
clk,, Transmitted synchronous clock pulse to other cells
0 Index to adjacent cells in the same phase
Hon
6,, Index to adjacent cells in the same column
S1 The control signal IGBT B of cell n
E The control signal IGBT B_NOT of cell n
52 The control signal IGBT H of cell n
§ The control signal IGBT H_NOT of cell n

controller are listed in Table 1. In the proposed decentralized
control structure, the cells determine their location in the
system. The phase angle shift algorithm (1) was used to
determine the position of the cells in each phase. To ensure
that the phase-angle shift algorithm can be implemented, the
initial phase angle at the starting time of the cells is 180°, and
the phase angle of the first cell is zero. The total cell N, in
each phase was calculated using (2). After a few iterations, the
phase angle 6y of the cells automatically stabilizes, ensuring
that the phase difference of the two cells Afy complies
with equation (3). Then, the position of the cells i, in phase
is determined by (4). where operator round(x) rounds each
element of x to the nearest integer.

o =6l + K (074" — 0} ) . with K < 0.67
9[:](“ = mod 91{{1+1 + 0.5mod (1)
[ (6F—1 — 6f1.360) 360]}
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FIGURE 2. Decentralized control connection between cells with DSVPWM
algorithm for MMPC.

chp = round {360/ [O.Smod (91’_‘1_1 - 911f1+1v 360)]} 2)
360
Ay = 0.5mod (6),_, — 65,1, 360) = €)
cp
360
il:; = round (k—k) +1 4)
QHNCp

A similar process and algorithm (5) were applied to deter-
mine the position of the phase and the total number of phases
of the system. The initial phase angle of the cells was 180°,
and the initial phase angle of the cells in the first phase was
fixed at 0. The total phases of the MMPC are determined
by Equation (6), and the position of the phase is defined by
Equation (7).

o5t =0 + K (0,71 — 0, with K < 0.67

v

0, = mod 6%, + 0.5mod 5)
[0, — 05,1, 360) . 360] |

P = round {360/ [0.5mod (01, — 0%, 360) |} ©

360 ) o -

&
. = round | —
(Gé‘p"

P
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The multilevel multiphase reference voltage v, of the
inverter has the form as shown in (8):

Vip = Vinsin{ot + [2m(1 — 1)/p*1} (8)

where [ = 1, 2, 3, ..., p; p is the total phase of the DC/AC
converter. For the multilevel modulation technique, the mod-
ulation voltage can be an integer of the input voltage V. for
each cell, as shown in Equation (9).

k
1%
k_ref 1.k k k1T
Vr—V——[Vrl,Vr2,...,Vrp] (9)
dc

The multilevel multiphase reference voltage vector can
be decomposed into the sum of its integer and fractional
parts (10) and (11). The operator floor(x) rounds the elements
of x to the nearest integer towards minus infinity. v vector is
created from vy vector by arranging the elements of vy in the
descending orders, as shown in (12).

W = floor(vF) (10)

Vi == (i
T

vjlgs — SOrt(V]]g) = I:V‘]l%la V;SZ’ ey v}(sp] (12)

Initialize matrix A with one row, (p+1) column as shown
in (13). The first element of matrix A has a value of 0, and
the remaining elements are determined using Equation (14).

Ak=[0 Al Ak LAk A§+1] (13)
1 if[Vf (ig, 1)] = (8. 1)

0 if [u (if 1) ] # v e D
withg =2top+1 (14)

k _
A, =

The switching vector of 2-level modulation is obtained
by solving Equation (15), with the coefficient matrix D
described by Equation (16).

vh = ARDE = [V Ve Vi | (15)
1 1

ph=| 9 : } (16)
]

The switching vectors vg can be calculated by adding the
integer part of the reference phase voltage v;(iy, 1) to the
displacement vectors according to (17).

E=dbaka =ik o ] an

Calculate the switching times f; corresponding to each
switching vector, from the components of vy, by using (18)-
(22).

s

k k L k k
1t = I:tsl tSZ . ts(]i-‘rl):l (18)
u=p+1

> =1 (19)
u=1
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=121 (20)
o =vip+11) (21)
i =ViGi— 1, 1) = VG, 1)
withj =2top (22)
vls‘max = max (vf) (23)
0 if vE e <0
=1 if (Venar = 0) and (v # 18
PWM (1) lf( - 0) and (v’;m = i’,‘,)
(24)
1 if V>0
H_lo if (Vonar = 0) and (1, # i)
| PWM) i (Vo = 0) and (v = —15)

(25)
The function max(x) (23) is used to find the maximum
value of the elements in the switching vector vs. The sig-
nal that controls the IGBT switches of each cell, as shown
in Fig. 1b, and is determined by Equation (24) and (25).
If the control signal is zero, the equivalent IGBT is in the
non-conducting state; if the control signal is 1, the IGBT
equivalent is in the conduction state.
In addition to the two states 0 and 1, the IGBT switches
with switching time #; as illustrated in Fig. 3; 75, and #,4 times
are calculated by (26) and (27).

u=p+1

ton = D o iF (0, = Ve (26)
u=1

toﬁ’ =1 tun (27)

For example, at 0.013s, a four-phase power converter, with
each phase consisting of four cells in series, is illustrated with
areference voltage of 380V, frequency of 50Hz. By executing
the algorithm in the first cell of phase b, the results are
presented as follows (28)-(35). The PWM signal of cell C_21
at 0.013s is prdesented in Fig. 4 and Table 2.

=[—3.0743 —2.2336 3.0743 2.2336]T (28)
=[ —332] (29)
=[0.9257 0.7664 0.0743 02336] (30)
=[0.9257 0.7664 0.2336 00743] (31)
A=[00100] (32)
:[0 011 1] (33)
s =va+vi2, ) =vg+(=3)=[-3 -3 =2 =2 2]
(34)

=[0.0743 0.1593 0.5328 0.1593 0.0743 ] (35)

B. FLOWCHART OF ALGORITHMS AND CONTROL
METHODS

The modulation process for determining the switching pulse
and the corresponding switching time in each cell was
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FIGURE 4. Trigger signal of cell C_21 at 0.013 seconds.

TABLE 2. The switching vector and the switching time of cell C_21 at
0.013 seconds.

Switching vectors Switching times
Vs =-3 t1=10.0743
V2 =-3 t2=0.1593
Vi3 =-2 t3=0.5328
Vsg=-2 t4=10.1593
Vss = -2 tss = 0.0743

performed according to the algorithm diagram shown in
Fig. 5. At startup, the computation of the cells was executed
with the initial conditions listed in Fig. 5(a). In the structures
of the decentralized control system in general and in the
multilevel multiphase power converter structure proposed in
Fig. 2, so that the cell controllers in the system can operate
synchronously, it is possible to generate the necessary switch-
ing pulses because a synchronous clock is applied to all cells.
In the proposed control structure and method, all the active
cells have equal roles and can be selected as the primary cell.
In this study, cell C_I11 is selected as the primary cell.

In addition to providing synchronous clock to all cells in
the system, cell C_11 also provides amplitude and frequency
of modulated voltage to all first cells of each phase (C_21 to
C_pl, p is the phase number of the MMPC). For the remain-
ing cells, V,, and F,, will be transmitted to all cells in each
phase, respectively, as shown in Fig. 5(b) presentation. The
proposed structure and method for MMPC, the system can
automatically adjust the operation when adding or removing
cells in the same row or any column (make sure the system
has at least 3 phases left, in each phase has at least 3 cells left).
During operation, the system must ensure that the number of
cells in the phases is equal. Depending on the state of the
EN signal, the specified cell will be active or deactivated as
shown in Fig. 5(c). In the case of EN = 0, the cell will stop
working and follow the diagram as shown in Fig. 5(d), the
phase angles transmitted to the cell will be bypassed in rows
or columns, switching signal IBGT B = 1 and H = 0, the
cell’s contribution to the output voltage is OV.

When a cell is working, Fig. 5(e) shows an executable
program that determines the phase angle of cells in a phase
according to expression (1), the total cells in a phase accord-
ing to equation (2), the angle cell phase according to the
vertical distribution based on expression (5), the total phases
present in the system according to expression (6), the position
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FIGURE 5. Algorithm flowchart of cell.

of the cell in a phase according to equation (3), and the
position of the phase in the system according to expres-
sion (7). The multiphase reference voltages of the cells were
synthesized based on the received signal V,,, F),, and the
phase number, as shown in Fig. 5(f). Fig. 5(g) converts the
multilevel calculation problem to a 2-level space according
to Equations (9), (10), (11), and (12). The switching vectors
and corresponding switching times are calculated according
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TABLE 3. Compare cell execution workload between SVPWM and
DSVPWM method.

Parameter SVPWM DSVPWM
Vyer is an p-by-I matrix Vrer 1S an p-by-/ matrix.
o N,=p Ny=p
v, 1s an p-by-/ matrix v, 18 an p-by-/ matrix
" N,=p Ny=p
Vg is an (p+1)-by-I matrix | v is an p-by-/ matrix
Vs N,=p+1 N,=p
P is an (p+1)-by-(p+1) | Aisan I-by-(p+1) matrix
matrix
N,=(p+I) Ny=(p+1)
Permutation matrix P
N,=(p+1) Ny=0
vq is the product of two | vgis the matrix product of /-
. matrices (p+1)-by-(p+1) by-(p+1) and (p+I)-by-
(252))
No=lp+1) Ny =Z(p+1)

7 7
N(,7:§(p+1)2(p—1)+ Nd7=§(p+1)(l7‘1)+
5

9 2 2, 13
+Z(p+1 +Z(p+I1) +—=(p+1
S(prl) LPrD) = (p)

vqis an p-by-(p+1) matrix | vqis a /-by-(p+1) matrix

vs is the sum of two | vsis the sum of two matrices
matrices p-by-(p+1) 1-by-(pt1)

N(XZp(p+1) Ny=p+l1

vy is a /-by-(p+1) matrix

t; is an p-by-(p+1) matrix ts is a I-by-(p+1) matrix
Nd,:p(p+1) Ny=p+1

Vs

vy 18 an p-by-(p+1) matrix

ts

to (13)-(23), as shown in Fig. 5(h). Finally, Fig. 5(i) shows
the switching state of each cell’s IGBT switch.

The DSVPWM method is essentially a process of mod-
ulating the voltage of each cell through separate switching
vectors. where m is the ratio of the reference voltage peak
amplitude to the V. voltage of each cell as shown in
Equation (36). If the harmonic criteria are not considered, the
range of m values in the MMPC satisfies Equation (37). For
example, in the case of an MMPC with four cells in series in
a phase, m is in the range 0 < m < 4.

Vin
m= (36)
Ve
=m<=iy (37)

C. COMPARE EXECUTION WORKLOAD BETWEEN SVPWM
AND DSVPWM METHOD

The workload of the cells to be executed when using the
DSVPWM method is significantly reduced compared to
that when using the SVPWM method for the centralized
controller. Usually, centralized controllers using SVPWM
compute all vectors and switching times in an overall process.
If the number levels and phases of the MMPC increase, this
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FIGURE 6. Position of four cells in phase a. X is total phase of MMPC; Y is
total calculations.

increases the computational volume and processing speed of
the microcontrollers. Specifically, for a system with p phases,
each phase has n cells, and vector v, is calculated by mul-
tiplying two matrices (p+1)-by-(p+1). Compared with the
proposed DSVPWM method, v, obtained by performing the
calculation of expression (15) is only matrix multiplication
1-by-p+1 by (p+1)-by-(p+1). According to Strassen [35],
multiplying matrix A(x,y) by matrix B(y,z), the required
number of multiplications Ny, and additions N,y is given
by (38) and (39).

7
Nyl = ngZ (38)
7 5 5 8
Nuda = =x(y — 22+ ~xy + Syz + - 39
add 8X(y )z + 4xy+ 4yz+ PR (39)

The process of finding vectors v in the proposed algorithm
will have a reduced number of multiplications (p+1) times
compared with the centralized control method. The compu-
tational volume in the process of generating PWM signals of
the central controller and the decentralized method proposed
in this study are compared and presented in detail in Table 3.
The total calculations of the two methods are summarized
by Equation (40) and (41). Where N, is the total number of
calculations when applying the centralized control algorithm,
and Ny is the total number of calculations when applying the
decentralized control algorithm. Fig. 6 shows the relationship
of between N, and N; when the total phase of the power
converter is in the survey range of 3-10. For example, when
p = 10, then N, = 3155, N; = 442; the decentralized power
converter has 7.14 times reduction in computation volume.

i=9

Ne= N (40)
i=1
i=9

Ny =D Ny (41)
i=1

Ill. SIMULATION RESULTS

The DSVPWM algorithm for MMPC was simulated and
validated using the MATLAB/Simulink software. The four
phases 1, 2, 3, 4, and 9-level output voltage systems are
modulated by a 4-phase model, and each phase connected
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TABLE 4. Simulation parameters.

Parameter Symbol Unit Value
Output inductor L H 0.0001
Load resistor R Q 100
Voltage source of each cell Ve \Y 100
Switching frequency Sfow Hz 10000
Sampling time Ts S le-6
Modulation voltage amplitude V., v 380
Modulation frequency F, Hz 50

in series consists of 4 cell cascade full bridge. The param-
eters used to verify the simulation results are presented in
Table 4. The simulation results demonstrate and evaluate the
general characteristics of the implementation of the SVPWM
method for the MMPC sets. Simulation analyses will evaluate
the configuration of the system in the case of start-up and
dynamic reconstruction when adding or removing a few cells,
and evaluate the voltage contribution of each cell to the input
voltage.

A. SYSTEM CONFIGURATION TIME

The vectors and the corresponding switching time of each
cell are calculated based on the results of the cell position-
ing process, number of active cells in a phase, number of
phases, and position of the phases in the MMPC. The number
of time steps required to configure the system successfully
depends on the number of cells in a phase and the number
of phases present in the MMPC. Algorithms (1)-(4) and
(5)-(7) are similar; comparing the total number of phases
in the system and the total number of cells in a phase, the
system configuration time is calculated for the case where
there are more total cells in a loop. The MMPC is built on
MATLAB/Simulink, which has four phases: four cells in each
phase, the position information of the cells in phase a, and the
stability of column 1 with the value established after three
steps, as shown in Fig. 7. The time required for all cells to
determine the required information tended to increase with
the number of active cells. The system configuration time was
evaluated by a simulation model of the system with three to
50 active cells in a loop. N, is the maximum value of N,
and p as expressed in Equation (42). After conducting the
approximate linearization according to the quadratic func-
tion, Equation (43) presents the number of iterations required
for the system to be successfully configured by linearizing
the survey data according to the cubic function; the deviation
of the linearization function has a maximum value of 2.5478.
Fig. 8 shows the number of time steps required for the system
to determine the location and total number of cells. The time
for the system to establish cell location information and the
total cells was calculated according to equation (44).

N; = max (Nq,, p) (42)
N, = 0.0010533N? + 0.38422N2 — 1.5647N,
+ 3.469 (43)
Tconﬁgumtion = N¢.Ts (44)
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FIGURE 8. The number of time steps for cell’s position to be stable. X: the
total cells in the loop; Y: the number of time steps.

B. EVALUATE THE DYNAMIC RECONFIGURATION
PROCESS

Fig. 9 shows the operating assumption of the MMPC. When
all the cells of the four phases in the system are active, after
three steps, the position of cells in one phase and the position
of the phases have reached a steady state. From the simulation
results shown in Fig. 10, cell C_I1 has a position of 1, cell
C_1I2 has a position of 4, cell C_I3 has a position of 3, and
cell C_14 has a position of 2 in phase a of the power converter.
The reference voltage is 380V, the modulation factor m = 3.8,
and the reference frequency is 5S0Hz, the PWM signal of the
cells in phase a corresponding to the determined location is
presented in Fig. 11. The positions of cells in the phases are
algorithmically (1), (2), and (3) position-adjusted. During the
operation, when adjusting the system structure by adding or
removing a few cells, the teta angle of each cell was adjusted
between 0° and 360°. This allows all cells in the phases to be
able to customize their position in the overall single phase,
but still ensures joint division of the voltage contribution to
the load as required. If there are four cells in a phase, when
starting cell C_I/1 has a position of 1, but maybe under a
different operating condition, cell C_/] will have a value
other than 1. The maximum number of levels of the output
voltage was 9. In this study, the phase position does not
change during the operation; this is achieved by fixing the teta
angle of the first cell in a column to zero when implementing
algorithms (4), (5), and (6).

With the proposed DSVPWM modulation method, the
system must always ensure that the number of cells in each
phase is equal. The structure of decentralized controlled
power converters can be flexibly adjusted. With the proposed
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FIGURE 11. The PWM signals of cells in phase a for one cycle.

decentralized structure, any cell in the system is established to
communicate with four neighboring cells. For example, cell
C_22 communicates with four cells: C_I12, C_23, C_21, and
C_32. When some cells are added or removed from the sys-
tem, the power converter does not need to stop working; thus,
the old communications are adjusted, and new communica-
tions are established. In this study, when a cell stops working,
the signal to that cell is bypassed horizontally and vertically
to verify the ability to self-adjust the dynamic structure. The
DSVPWM method for MMPC is considered operable when
the cells self-adjust their positions in phase and in columns,
precisely modulate the required PWM signals, and precisely
modulate the reference voltage. Fig. 12-14 presented the
response of position, voltage, and load current in the case of
the simulated system structure adjusted according to Fig. 9.
Specifically:

- At the time 0.04 seconds, an assumption is established
with the EN signal of the cells in column 3 as C_I3, C_23,
C_33, and C_43 being zero. In each phase, the remaining
three cells operated. For example, in phase 1, three cells,
C_11, C_I2, and C_I4, automatically adjust their position,
as shown in Fig. 12. Similar results were obtained in phases 2,
2, and 4 of the system. Because the loops determine the
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FIGURE 13. Output voltage.

cell’s position in the phases independently of each other, the
cell positions within the phases have a random value in the
population of a phase. The positions of cells C_17is 1, C_I2
has the position of 3, C_74 has the position of 2. The configu-
ration of the column-based loops does not change; therefore,
the column-based cell location information does not change.
The reference voltage peak amplitude automatically adjusted
by the system was 300V, the modulation index was 3. The
output phase voltage is the voltage contribution of the three
active cells, the output four phase voltage comprises seven
levels.

- The phase number change of the power converter is
evaluated in the period from 0.08s to 0.12s. For example,
phase c of the system including 3 cells C_31, C_32, C_34
is removed from the system at 0.08 seconds; This problem
leads to a loop that determines the total number of phases, the
positions of cells in the same column are adjusted. Figure 12
shows the new position of cell C_I1 as 1, cell position C_21
as 3, cell position C_41 as 2, and the discarded cell C_31
at position 0. In this phase, the loops of phases 1, 2 and 4 do
not change; therefore, the cell position information in a phase
will not change; The voltages of phases a, b, and d have seven
response levels according to the reference signal; the voltage
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of phase c voltage is 0. At the end of the cycle, at 0.12 seconds,
cells in phase 3 are restored to operation, vertical position
information is reset, and phase ¢ voltage is restored to the
correct voltage reference.

- At 0.16 seconds, the cells in column 3 are reinserted. The
position of the cells in the horizontal direction of all phases
was adjusted, the output voltage ensured the contribution of
four cells in each phase, and the output voltage reached nine
levels.

Fig. 15 shows the relationship between the THD value and
the modulation index. The survey evaluated the sinusoidal
distortion of the voltage in the frequency range of 0 to 20 kHz
and the output voltage was of good quality, meeting the grid
connection requirements.

C. EVALUATION OF POWER LOSS OF THE INVERTER

In order to have a more general assessment of the proposals,
this study examined the power loss and compared it with
classical methods (CPWM and SVPWM). Total power loss is
mainly due to two components: switching loss and conduc-
tion loss. Survey data obtained on the thermal model of Plecs
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FIGURE 16. Power loss analysis of CPWM, SVPWM and DSVPWM method
of four phases, nine level cascade inverter; a) switching power loss;
b) total power loss. X: the modulation index; Y: the power loss.

FIGURE 17. Experimental prototype of MMPC with DSVPWM method.

software shows that the power losses caused by switching
and conduction have similar values with the SVPWM and
DSVPWM methods. The IGBT component investigated is

20672

TABLE 5. Experimental parameters.

Symbol Parametter Unit Value
Ve DC voltage \% 30
R Load resistor Q 100
L Output inductor H 0.0036
fow Switching frequency kHz 10
T Sampling time s 5e-5
m Modulation index 34
Fon Frequency modulation Hz 50

IGW25N120H3 from Infineon manufacturer. And the total
power loss of the proposed DSVPWM method is lower than
that of the CPWM method. The detailed comparison results
are shown in Fig. 16, Fig. 16a presented the switching loss
and Fig. 16b presented the total power loss of the inverter
according to the modulation index.

IV. EXPERIMENTAL RESULTS

The proposals for the configuration, control method, and
DSVPWM modulation algorithm are verified by a low-power
experimental model. As shown in Fig. 17, the settings for the
experiment include control cells, DC power, and load. Exper-
imental parameters of MMPC with algorithm DSVPWM are
shown in Table 5; The DC voltage of each cell was 30V,
and a resistor with a value of 100€2 connected in series with
inductor L with an inductance of 0.0036H was used as the
load for each phase.

The experimental model built to evaluate the proposed
algorithm included four phases, each with four cells. With
such a structure, a comprehensive assessment of the structure
and control methods presented in Section III is conducted.
Fig. 18 shows the control connection of the MMPC using the
DSVPWM method. Each cell included the following:

- One power driver circuit using  MORNSUN
QP12W08S-37.

- One cascade full bridge circuit consisting of 4 IGBTs
using GW40N120KD.

- A TMS320F28379D DSP was used as the cell controller.
The control program of the cells was built on the platform
of MATLAB/Simulink software; the Code Composer Studio
program was used to compile and load programs for DSPs.

The number and function of the signal pins used by
each cell are shown in Table 6. Cells exchange informa-
tion horizontally and vertically with neighboring cells via
asynchronous serial communication (SCI) protocol. In the
proposed structure, C_I1 is the primary cell. By creating
and using signal buses according to SCI standards, cells
can communicate with each other with the least number of
communication channel commands, thereby reducing signal
loss during transmission. This is a significant improvement
over the communication methods used in this study [30].

Cell C_11 transmits the amplitude and frequency reference
signal of the voltage to be modulated through the cells in col-
umn 1 of cells C_I2, C_13, C_I4. To synchronize the voltage
reference signal, the synchronous clock generated from the
GPIO 04 pin of cell C_I1 is propagated to the GPIO 15 pin
of all the remaining cells, including itself in the MMPC.
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TABLE 6. Function pins of DSP.

Symbol Pin on DSP Function
EN GPIO 25 Enable
SCIB Receive 0, ,,, angle signal from front cell
(GPIO 18) | i1 the same phase
Transmit the signals to the next cell in the
2 same phase:
S SCIB - Modulation voltage amplitude V;,
& (GPIO 19) | - Frequency modulation voltage F,
E - 0,, angle
8
E SCIA Transmit the ¢, , angle signal to the rear
§ (GPIO 9) cell in the same phase
g Receive signals transmitted from the rear
O cell in the same phase:
SCIA - Modulation voltage amplitude ¥V},
(GPIO 8) - Frequency modulation voltage F,
- 0,,, angle
Receive signals transmitted from the front
cell in the same column:
SCID - Modulation voltage amplitude 7,
§ (GPIO 105) | - Frequency modulation voltage F,
3 -0, 1
'§ V_nt+l ang c
2 SCID Transmit the 6, , angle signal to the front
'g (GPIO 104) | ¢e)l in the same column
g Transmit the signals to the rear cell in the
2 same column:
g SCIC - Modulation voltage amplitude V,
5 (GPIO 56) | - Frequency modulation voltage F,,
O - 0,, angle
SCIC Receive 6, ,, angle signal from rear cell
(GPIO 139) | in the same column
GPIO 14 Recelve.d synchronous clock pulse PWM
clk from primary cell
" Received synchronous clock pulse of the
GPIO 15 .
reference voltage from primary cell
Transmitted synchronous clock pulse
clk GPIO 06 PWM to others cell
out GPIO 04 Transmitted synchronous clock pulse of
the reference voltage to others cell
By GPIO 0 The control signal IGBT B of cell pn
Byn NOT GPIO 1 The control signal IGBT B_NOT of cell pn
Hpn GPIO 2 The control signal IGBT H of cell pn
H, NOT GPIO 3 ;rl,le control signal IGBT H_NOT of cell

The cells calculate the appropriate switching pulses once the
voltage reference signal is synthesized, based on information
about the specified system architecture. To synchronize the
PWM signal of the cells, a synchronization pulse generated
from the GPIO 06 pin of cell C_11 is transmitted to the GPIO
14 pin of all remaining cells, including itself in the MMPC
system.

A. STEADY-STATE OPERATION

The results were analyzed and evaluated when a full 4-cell
MMPC power converter was activated. At the local con-
trollers of each cell, the analog output signal pins DACA
and DACB were interpolated to observe the position of the
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—— Receive signal from rear cell and transmit signal to previous cell in a column.

FIGURE 18. Establish experimental communication between cells in
MMPC using DSVPWM method.

corresponding cell in the phases and columns. Fig. 19 shows
the position arrangement of the cells in phase a (Fig. 19(a))
and column 2 (Fig. 19(b)). The positions of cells C_11,C_12,
C_13,and C_I4in phase a: cell_11 is at position 1, cell C_12
is at position 4, cell C_13 is at position 3, cell_14 is at position
2. The positions of cells C_I12, C_22, C_32, and C_42 in col-
umn 2; cell C_12 at position 1; cell_22 at position 4; cell C_32
at position 3; and cell C_42 at position 2. Communication
between cells is performed using SCI communication blocks
built in the MATLAB/Simulink library [36], and the study did
not consider the data transmission and reception speeds of the
proposed methods. With the experimental model method and
structure, the cell controllers exchange information and reach
a stable state, the cells will locate themselves in rows and
columns; With the proposals in this article, locating cells in
the structure is the basis for cells to synthesize their own vec-
tors and switching times. The modulated PWM control signal
for each cell is shown in Fig. 20. The four corresponding
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@ M5.00ms/ Delay.0.00s

BW Limit
Full

(b)

FIGURE 19. Position of cells in MMPC using DSVPWM method; a) Position
of four cells C_11, C_12, C_13, C_14 in phase a (yellow color: C_11,
purple color: C_12, blue color: C_13, green color: C_14); b) Position of
four cells C_12, C_22, C_32, C_42 in column 2 (yellow color: C_12, purple
color: C_22, blue color: C_32, green color: C_42).

Sequence

BW Limit
Ful

(b)
FIGURE 20. PWM signals of cells C_11, C_12, C_13, C_14 using DSVPWM

method (yellow color: C_11, purple color: C_12, blue color: C_13, green
color: C_14); a) PWM B signals; b) PWM H signals.

PWM B signal outputs of the GPIO 0 are shown in Fig. 20(a).
The four corresponding PWM H signal outputs of GPIO 2 are
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Output voltage [50V/div

FIGURE 21. Output phase voltage waveform of MMPC using DSVPWM
method when the system has 4 x 4 cells.

FIGURE 22. Position of cells in phase a of MMPC using DSVPWM method
(yellow color: C_11, purple color: C_12, blue color: C_13, green color:
C_14); a) when removing cells in column 3; b) when reinserting the cells
in column 3.

shown in Fig. 20(b). The external DC power supply voltage
of each cell is 30V, which helps reduce the voltage current
capacitor balancing problem in some applications, meaning
the single-level voltage of the inverter is also 30V; With a
high modulation factor m = 3.4, the control algorithm takes
full advantage of the voltage of all 4 cells; As a result, the
output voltage reaches 9 levels; The voltage between levels is
30V as shown in Fig. 21.

By comparison to centralized controllers, the decentral-
ized control structure and method proposed in this study
requires the establishment of column and row control com-
munications. Simulation settings and original experiments
show that the cell-to-cell communication process can be
easily deployed and operated. Expanding the number of lev-
els and phases of MMPCs will reduce the complexity of
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FIGURE 23. In case column 3 has been removed, position the cells in
column 2 of the MMPC using the DSVPWM method (yellow color: C_12,
purple color: C_22, blue color: C_32, green color: C_42); a) when
removing cells in phase c; b) when reinserting the cells in phase c.

decentralized controllers compared to central controllers in
connection and control.

B. CONVERTER RECONFIGURATION

Within this experimental limit, the removal or activation a cell
is performed via the EN signal pin (GPIO 25) of each cell.
By emulating a cell that stops working, the row phase angles
of the incoming cell (SCIB GPIO 18 and SCIA GPIO 8)
are bypassed via the output signal pin (SCIA GPIO 9 and
SCIB GPIO 19), and the column phase angles incoming
transmissions (SCID GPIO 105 and SCIC GPIO 56) will be
bypassed via the output pins (SCID GPIO 104 and SCIC
GPIO 139).

The ability to automatically adjust to adapt to the remain-
ing number of activated cells in the MMPC was tested in turn
according to the hypothetical process: the system operates
with all cells; remove cells C_I13, C_23, C_33, C_43; remove
cells C_31, C_32, C_34; restore operation of cells C_31,
C_32, C_34; and restore operation for cells C_I13, C_23,
C_33, C_43. The total active cells and the position of active
cells in each row and column are automatically recalibrated
as shown in Fig. 22 and Fig. 23, where the position and total
active cells are interpolated from the phase angle in rows
and columns using algorithms (1) and (5). In this study, the
coefficient K was chosen to be 0.66 for both the row and
column phase angle interleaving algorithms. The cells in the
row require approximately 2ms to establish a new steady state
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Output voltage [50V/div]

Output voltage [S0V/div]

Output voltage [50V/div]

Output voltage [50V/div]

Sequence

Mem Depth.
7k

(d
FIGURE 24. Output phase voltage when changing structure (yellow color:
phase a, purple color: phase b, blue color: phase c, green color: phase d;
a) when removing cells in column 3 of the system has 4 cells in a
phase; b) when removing cells in phase c of the system has 3 cells in
a phase; c) when reinserting cells in phase c of the system has 3 cells in a
phase; d) when reinserting cells in column 3 of the system has 3 cells in a
phase.

when the cell is removed as shown in Fig. 22(a). Meanwhile,
the system required 8ms for the cells in phase a to recover,
as shown in Fig. 22(b).
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Output voltage of phase a [50V/div]
Load current of phase a [1A/div]

Output voltage of phase a [S0V/div] Output voltage of phase a [5S0V/div]
Load current of phase a [1A/div] Load current of phase a [1A/div]

Output voltage of phase a [50V/div]
Load current of phase a [1A/div]

(d

FIGURE 25. Output voltage and load current of phase a when changing
structure (yellow color: output voltage of phase a; green color: load
current; a) when removing cells in column 3 of the system has 4 cells in a
phase; b) when removing cells in phase c of the system has 3 cells in

a phase; c) when reinserting cells in phase c of the system has 3 cells in a
phase; d) when reinserting cells in column 3 of the system has 3 cells in a
phase.

When the cells in column 3 are removed, Fig. 23 shows
the repositioning process of cells in column 2 when phase
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/Delay.0.00s

FIGURE 26. FFT analysis of single-phase voltage: (a) spectrum of 9 first
harmonics; (b) spectrum of 900 harmonics.

¢ is removed and operation is restored; According to the
measurement results on the oscilloscope, the transient times
are 0.5ms and 4.5ms respectively.

Fig. 24 shows the four-phase voltage waveform of the
inverter when changing the MMPC structure, which was con-
ducted by changing one column or row at a time. According
to (37) to limit the modulation coefficient according to the
number of activated cells in a phase, after removing the 3rd
cell of each phase, the remaining three cells are activated, and
based on the total number of active cells in the row that the
primary cell aggregates, cell C_1] automatically adjusts the
modulation factor to a maximum value of 3 (within the limits
of this test); the output voltage has seven levels; the voltage
at each level is 30V.

When deactivated, the voltage of the cell contributing to
the load was OV, and the control signal of the GPIO signal
pins O and 2 of the cells was 0. As shown in Fig. 24(a)
shows, because the cells in column 3 stop operating, the
4-phase voltage is changed from nine levels to seven levels
after about 27ms. The 4-phase voltage of the inverter is modu-
lated with a maximum modulation coefficient corresponding
to three cells of each phase. In this experiment, the modu-
lation coefficient was set as 3. The voltage phase-difference
angle between the four branches did not change. The corre-
sponding phase-difference angle when there are four cells in
one phase is 90°. In the case of adjusting each phase with
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three active cells, Fig. 24(b) shows the voltage adjustment
of the four phases when the cells of phase ¢ stop operating,
which requires a time of 23ms. The phase voltages were
maintained at seven levels, the voltage levels were stable at
30V, and the voltage phase difference angle between phases
was adjusted to 120°, satisfying formula (8). Meanwhile,
the process of restoring the operation of phase ¢ and col-
umn 3, requires a period of 30ms as shown in Fig. 24(c) and
Fig. 24(d), respectively. Experiments show that the voltage of
the inverter phases can be automatically adjusted according to
the total number of activated cells in the phases and columns.
Fig. 25 shows the voltage and current of phase a in the case
of a regulated inverter structure.

For decentralized power converters, the cells automati-
cally determine the voltage contribution to the load voltage
synthesis, which is made possible by switching the PWM
signals of each self-aggregating cell. This voltage- dispersion
contribution can be one of the factors affecting the out-
put voltage THD index. Therefore, the output voltage THD
index corresponding to the control method and structure of
the decentralized power converters must be paid attention
and considered. The results of the single-phase voltage fast
Fourier transform (FFT) analysis of the load were shown on
a Siglent SDS1104X oscilloscope. Analytical results were
evaluated in the frequency range of 0 to 450Hz and 0 to 45kHz
was shown in Fig. 26. The results of the spectrum analysis at
a frequency 50Hz, voltage had an effective value 72.1V and
a frequency of 50.08Hz. Comparing the modulation coeffi-
cient and reference frequency, the output voltage deviation
corresponds to -0.035% amplitude and 0.16% frequency. Ata
switching frequency of 10kHz, the harmonics have an ampli-
tude of 4.6V and gradually decrease at frequencies that are
multiples of the 10kHz frequency.

V. CONCLUSION

This study has used the SVPWM method for decentral-
ized control of multilevel multiphase power converters. The
cells exchanged with neighboring cells, correctly calculated
vectors and corresponding switching times in the case of
a stable configuration or dynamically adjusted as needed.
The proposed method and structure show that the process
of searching for switching vectors and the switching time is
faster than when using a centralized controller. By verifying
the simulation and experimental results, the proposed method
can be considered a general method for multilevel, multiphase
modulation of power converters. The highlight of the pro-
posal is that it is possible to modulate the output voltage with
any number of levels and phases to meet diverse applications
such as multiphase motor control and energy conversion on
electrical systems.
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