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Abstract: This paper proposes a fast, decentralized method for self-aligning the carriers of a mul-
tiphase/multilevel converter operating on the basis of phase-shifted pulse width modulation or
level-shifted pulse width modulation. In the proposed method, each cell of the converter synchro-
nizes and updates simultaneously its own carrier angle or carrier level based on the information
shared with its neighboring cell, such as its angle/level, its index number, and the total number of
activated cells of the converter. Different from the conventional decentralized method (with basic and
modified updating rules), which requires some conditions in terms of cell number and initial carrier
angles to start up and operate properly, the proposed method can be applied to the system with any
number of cells and does not require special conditions of initial carrier angles. Further, while the
conventional method needs an iteration process to adjust the inter-carrier phase-shifts and can be ap-
plied only to a multiphase converter which uses phase-shifted pulse width modulation, the proposed
method offers an accurate and fast alignment of phases (for phase-shifted pulse width modulation)
or levels (for level-shifted pulse width modulation) and thus can be applied to both multiphase and
multilevel converter types. The simulations and the experimental results are presented in detail to
show the validity and the effectiveness of the proposed methods. Further, thorough simulations on
multiphase converters with different number of cells also show that the proposed method is much
faster than the conventional method in both configuration and reconfiguration processes, especially
in case the system has a large number of cells.

Keywords: multicellular converter; multilevel/multiphase converter; decentralized control; phase
shifted pulsewidth modulation (PWM); level-shifted PWM; carrier waveform; self-aligned carrier;
interleaved carrier; dynamic reconfiguration

1. Introduction

In recent years, the studies of multicellular converters built with parallel or serial
switching-cells have been intensively developed [1–7]. These topologies allow managing
high voltage or high current outputs whilst using low voltage and low current rating
switches. Further, they can help to achieve high efficiency improvement with low harmonic
distortion and can minimize the size and the volume of external passive filters.
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Figure 1 shows the configuration of such converter types. The switching-cells can be
connected in parallel in a multiphase converter (Figure 1a) to increase its current output
and to reduce the output current ripple [1,2] or in series in a multilevel converter (Figure 1b)
to increase its voltage output and to obtain lower total harmonic distortion [3,4]. In case of
large numbers of switching cells that need to be managed, the control system is the main
issue of these converter topologies for applying the centralized control structure [8–10].
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Generally, there are two controller types for implementing carrier-based PWM meth-
ods: the centralized one and the decentralized one. In the first type, the control system
needs to compute a set of phase-shifted or level-shifted carriers to generate appropriate
interleaved PWM signals for all converter switching cells. If the system is dynamically
reconfigured, e.g., an active switching cell is removed or added either to increase the overall
efficiency or to provide a solution in case of a cell failure, the centralized controller has to
reconfigure all the carriers. Furthermore, this centralized approach requires many wires to
setup communications and controls between the controller and the converter cells.

On the other hand, the decentralized control approach uses a separated controller
for each switching cell, and this helps to significantly reduce the complexity of system
wiring. In the literature, research on the structure and the method of decentralized control
for multicellular converters can be classified into three directions as follows.

According to the first research direction, the decentralized control is characterized
by a hierarchical architecture that has two control levels, such as primary-secondary
controller [9,11] and master-slave or central-local controller [12–19], and the information
exchange between these levels is conducted by communication links. The system level
controllers, namely secondary/master/central, are responsible for general information
management and for performing tasks such as voltage balance, current balance, and power
exchange. Meanwhile, the controllers of the lower level, namely primary/slave/local,
are in charge of creating PWM control signals. In a case of using carrier-based PWM, the
inter-carrier phase-shift angle or the level-shifted carrier for cell controller is calculated
by using the information from the system level controller. With this control structure, the
system easily achieves global optimization; however, its reliability is reduced due to high
dependence on the main controller.

In the second research direction, the local controller of each converter cell operates
independently based on its own current and voltage information, without exchanging
information with neighboring cells. This structure is easy to connect, but the carrier
phase-shifted angle of each module is calculated through a complex algorithm, therefore,
processing time is an issue with increasing numbers of modules [20,21].

In the third research direction, the cell local controller exchanges information with
its neighboring cells. The exchanged information can be the cell position [22], the phase
angle [10,23], or the amplitude [24] of the cell carrier. The system becomes stable after
some iterations of the algorithm and stabilizes with a permissible error [25]. This structure
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increases the system flexibility in terms of allowing to expand the range of voltage and
the power requirements by adding or removing the number of cells in parallel and/or
serial connections [22,23,26–29]. In addition, the system reliability is high by implementing
the decentralized approach, which is based on the modularity of the cell local controller.
Nevertheless, the time to configure the system depends greatly on the processing speed
of the local controller [25,30,31], the controller sampling time, the number of system local
controllers, and the initialization condition of the system [10]. For this controller type, it
should be noted that the time spent to adjust the phases of system carrier waveforms in
a case of reconfiguring the converter is one of the main issues. A slow phase adjustment
leads to a long time to reach steady-state and thus degrades the dynamic performance of
the whole system.

This paper deals with the third research direction mentioned above, in which a fast,
self-aligned method for a decentralized controller of a multilevel or multiphase converter
is proposed. With this method, each cell of the converter synchronizes its carrier frequency
and simultaneously updates its own carrier phase-shift (PS) or level-shift (LS) that is based
on the information exchanged with its close neighboring serial (multilevel converter) or
parallel cells (multiphase converter). The exchanged information is the carrier angle/level,
the index number, and the total number of active cells involved in the converter. The
objective of the proposed self-aligned carrier generation method is to obtain an accurate
and fast arrangement of the PS and the LS carriers in a multilevel or multiphase converter
with any number of cells, especially when a dynamic configuration and reconfiguration of
the system with a large number of cells is required.

2. Conventional Phase-Shifted Carrier Generation Method

Figure 2a shows the conventional phase-shifted carrier (CPSC) generation scheme
based on chaining cells of a multiphase converter (parallel structure). Each cell com-
municates with its two neighboring cells to exchange the information of carrier angles.
Then, the carrier angle of each cell is self-corrected so that it can converge toward the
expected interleaved state (Figure 2b). The basic updating rules are executed by using the
Formula (1) [23]:

θk+1
n = mod(θk

n+1 +
1
2

mod(θk
n−1 − θk

n+1, 360), 360) (1)

where θk+1
n : the phase-shifted angle of the nth carrier at step [k + 1].
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However, Ref [10] shows that, in the case of using digital implementation for (1), the
system can be unstable in certain cases. To solve this issue, a modified rule is proposed as
follows [10]: {

θk+1
n = θk

n + K(θ̃k+1
n − θk

n), with K ∈ [0 . . . 1]
θ̃k+1

n = mod(θk
n+1 + 0.5mod(θk

n−1 − θk
n+1, 360), 360))

(2)

θ̃k+1
n : ideal corrected angle; K: attenuation factor.

It should be noted that (Equation (1)) is a special case of (2) when K is equal to unity.
However, as shown in [10], K closer to unity results in higher instability issues.

The restrictions of using the above updating rules are: (1) the system must have at
least three carriers (N ≥ 3), and (2) at start up, one carrier must have a different angle from
the others to ensure the proper operation of the algorithm. If the system is converged, the
inter-carrier phase angle reaches the desired value after a number of iterations. In the case
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of the basic updating rule in (1), the number of iterations to achieve the convergence is
given by the equation below [29]:

Icon f iguration =


N
2 +

(
N
2

)2
when N is even

N+1
2 +

(
N+1

2

)2
when N is odd

(3)

where N is the number of active cells.
If the modified updating rule (2) is used with the same number of N, the number of

iterations needed for convergence is higher than that of the basic updating rule. Besides,
the lower the value of K is, the higher the number of iterations is required to converge to
the desired value of θn. Further, in digital control with a digital signal processor (DSP),
the system operates in discrete time where each iteration is completed in one time step
(or sampling time). Thus, the configuration time is also the number of time steps needed
from startup to achieve the convergence of expected interleaved carriers with an acceptable
error of inter-carrier phase-shifts.

In case of reconfiguration (Figure 2c), it is then straightforward to implement a bypass
circuit into the deactivated cell in order to maintain a closed-loop chain of intercellular
communications.

Figure 3 shows the simulation results of interleaving process of a six-carrier system
using the CPSC method. It should be noted that, in case the converter has a large number
of cells, the process requires an increased amount of iterations, and consequently the time
of convergence to reach the steady-state increases.
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3. Proposed Decentralized Self-Aligned Carrier Method

In order to reduce the system configuration and reconfiguration time as well as to
overcome some restrictions of conventional updating rules mentioned in Section 2, a
digital method is proposed in this section for rapid and exact self-aligning carriers, and
it can be applied to any number of carriers and to both phase-shifted and level-shifted
carriers. Control algorithm, system topology, and evaluation of the proposed algorithm
are discussed in detail, and simulation and experimental results are presented in the
following sections.

3.1. Proposed Decentralized Self-Aligned Phase-Shifted Carrier Method

This proposed method is named as decentralized self-aligned PS carriers (DSA-PSC),
and its principle is shown graphically in Figure 4. In this method, the (n−1)th cell sends to
the next nth cell the information of its angle (θn−1), its index number (in−1), and the total
number of activated cells of the converter (Ntotal). Then, each cell controller determines
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the elementary phase-angle (∆θbase) and updates its own phase-angle (θn) based on the
received information by using the Equations (4)–(7) as follows:

ik+1
n = ik

n−1 + 1; n ∈ [1, 2, . . . N] (4){
Nk+1

total_1 = ik
N

Nk+1
total_n = Nk

total_(n−1); n ∈ [2, . . . N]
(5)

∆θk+1
base =

360◦

Nk
total

(6)

θk+1
n = mod

(
θk

n−1 + ∆θk
base, 360

)
(7)
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method, (a) update rule principle; (b) phase-shifted carriers.

The indexing rule is simple; in cell n, at time step k, the index number ik
n−1 of cell

n−1 (named as count_in) is read and augmented by one and assigned as count_out (ik+1
n ),

and this sequence is applied to all cells. Since the indexing communication line is an open
loop chain, the cell at the open point has the index value ik

1 because the previous number
read is zero (no information). The information count_out of last cell is recognized as the
total number of activated cells in series, and it can be transmitted to all the cells via the
numbering communication link (Figure 5).
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Moreover, each cell transfers to its neighboring cell the information of referenced
voltage (Vrf).
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In Figure 5, the cell with index of zero is used as a master cell controller, which is,
different from other cells, responsible for providing duty-cycle and clock synchronization
for the rest of the system.

If a cell is indicated as a master cell controller, then the Vrf pin function is not used.
The synchronous clock pulse frequency from the master cell controller is transmitted to all
cells in the system.

The inputs and the outputs of a cell model are described in Table 1.

Table 1. Input and output of cell model in DSA-PSC method.

Input Output

EN Enable

teta_base θk
n−1 send_teta θk

n

count_in Index from cell n−1, ik
n−1 count_out Index from cell n, ik

n

number_in Received total number from
previous cells Nk

total
number_out Transmitted total number to

next cell Nk
total

Vrf_in Received signal reference
voltage from previous cell Vrf_out Transmitted signal reference

voltage to next cell

clk_in Received synchronous clock
pulse from master cell clk_out Transmitted synchronous

clock pulse to other cell

The flowchart algorithm of the proposed DSA-PSC method is shown in Figure 6. If
a cell has to be removed from the converter, i.e., deactivated, the bypassing of a cell is
realized using an enable bit (EN).
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3.2. Proposed Decentralized Self-Aligned Level-Shifted Carrier Method

In many applications, multilevel converters are controlled by the level-shifted PWM
method. With some modifications, the previous algorithm can also be applied to this
converter type, and hereinafter, it is called a decentralized self-aligned level-shifted carriers
(DSA-LSC) method.

In this method, the (n − 1)th cell sends to its next nth cell the information of its cell
level (An−1,peak), its index number (in−1), and the total number of activated cells (Ntotal).
Then, the nth cell controller updates its index number (in), the total number of cells (Ntotal)
(see Equations (3) and (4)), and its carrier level by using the Formulas (8) and (9) as follows:

∆Ak+1
base =

2
Nk

total
(8)

Ak+1
n = Ak

n−1 + ∆Ak
base (9)

The indexing rule of cell n at time step k and the determination of total number of
cells (Ntotal) shown in Figure 7 are treated similarly as in the DSA-PSC method. The inputs
and the outputs of a cell controller in the DSA-LSC method are clarified in the Table 2. The
flowchart algorithm of the proposed DSA-LSC method is presented in Figure 8. Figure 9
shows the rule to apply for the carrier level update with DSA-LSC method. Besides, each
cell communicates with its neighboring cell and exchanges information of modulation
index of referenced voltage (Vrf) and information of reference frequency (Frf).
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Table 2. Input and output of cell controller with DSA-LSC method.

Input Output

EN Enable

ampl_base Ak
n−1 ampl_min Ak

n

count_in Index from cell n−1, ik
n−1 count_out Index from cell n, ik

n

number_in Received total number of cells
Nk

total
number_out Transmitted total number of

cells to the next cell Nk
total

Vrf_in
Received modulation index of

referenced voltage from the
previous cell

Vrf_out
Transmitted modulation

index of referenced voltage
to the next cell

Frf_in Received referenced frequency
from the previous cell Frf_out Transmitted frequency to the

next cell

clk_in Received synchronous clock
pulse from the master cell clk_out Transmitted synchronous

clock pulse to other cell
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Similar to the case in Figure 5, the cell with an index of zero in Figure 7 is used as a
master cell controller, which is, different from other cells, responsible for providing the
modulation index of reference voltage, reference frequency, and clock synchronization for
the rest of the system.

If a cell is specified as a master cell controller, then Vrf and Frf pin functions are not
used. The synchronous clock pulse frequency from the master cell controller is transferred
to all cells in the system.

4. Simulation Results
4.1. Simulation Models

To verify the validity of the proposed algorithm, the models of the proposed DSA-PSC
and DSA-LSC methods are built using MATLAB/Simulink software. Without loss of
generality in number of phases or levels, Figure 10 demonstrates a four-phase DC/DC
converter with DSA-PSC method, and Figure 11 presents a five-level inverter with DSA-
LSC method. The parameters of these power converters are presented in Tables 3 and 4.
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Table 3. Parameters of four-phase DC/DC converter.

Parameter Symbol Unit Value

Output inductor L1 . . . L4,
R1 . . . R4,

H
Ω

0.06
2.5

Load resistor R Ω 20

Voltage source E V 100

Switching frequency fsw kHz 10

Sampling time Ts s 1 × 10−7

Duty_cycle D 0.8
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Table 4. Parameters of five-level DC/AC converter.

Parameter Symbol Unit Value

Load resistor R Ω 100
Voltage source Vdc1 . . . . . . Vdc8 V 40

Switching frequency fsw kHz 10
Sampling time Ts s 1 × 10−7

Modulation index M 0.8

4.2. Evaluation of the Proposed DSA-PSC Method

Figure 12 shows the simulation results of the proposed DSA-PSC principle for the
multiphase converter with four carriers (see Figure 10a). It can be seen that the self-
alignment process of the carriers with the inter-carrier phase-shift ∆θbase = 90◦ is perfectly
realized, and the steady-state can be reached very quickly (after eight time steps). Figure 13
shows the PWM control signal generation for the high-side switches of each cell.

Figure 14 shows that the proposed control system works properly with fast transient
responses on converter output voltages, load currents, and leg currents. In this figure,
the system starts with four cells connected in series. At the time 0.4 s, cell 3 is removed,
therefore, the current of leg 3 reduces to zero, and the converter output voltage fluctuates
around 10% in about 1 ms before reaching steady-state. At time 0.7 s, cell 3 is restored, and
leg 3 current quickly increases to the value 0.25Itotal after a transient time of 1 ms.

The advantage of the DSA-PSC method in terms of fast dynamic reconfigurations is
also guaranteed when the number of cells is dynamically either deactivated or activated.
To validate this point, Figure 15 shows the simulation of reconfigurations for a four-cell
converter. At the beginning, the system starts with four interleaving cells involving four
carriers with inter-carrier phase-shift ∆θbase = 90◦. Then, at time 0.5 ms (at time step
0.5 × 104), the cell 3 is removed (using a internal by-pass function of the local controller),
and the three remaining cells quickly adjust their own inter-carrier phase-shifts to reach
∆θbase = 120◦. Next, at time 1 ms (at time step 1 × 104), the cell 2 is removed, and the
system is still well interleaved by self adjusting the phase-shifts to ∆θbase = 180◦. Then, the
cell 2 is reinserted at time 1.5 ms (at time step 1.5 × 104), resulting in a new inter-carrier
phase-shift ∆θbase = 120◦. Finally, the cell 3 is re-activated at time 2 ms (at time step 2× 104),
and the system returns quickly to the original configuration with a correct interleaving of
the carriers.
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4.3. Evaluation of the Proposed DSA-LSC Method

Figure 16 shows the simulation results of the proposed DSA-LSC principle for a
five-level inverter which is controlled by four level-shifted carriers (see Figure 11a). The
system carriers reach their final levels at steady-state quickly (i.e., without iterations) and
correctly. The PWM signals at the gate of the high-side switches of the converter cells (B1
. . . B4) are shown in Figure 17. The output voltage and the output current waveforms are
presented in Figure 18. It can be seen that the control system works properly with fast
transient response.
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To validate the reconfiguration capability of the system in the case of removing or
inserting a cell, Figure 19 demonstrates the process of reconfigurations for this four-carrier
system. At the beginning, the system has four active cells with four perfect level-shifted
carriers generated using the DSA-LSC method, as observed from time 0 to 0.02 s. Then,
at time 0.02 s, the cell 3 is removed, and the system is reconfigured instantly with three
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level-shifted carriers. Finally, this cell is re-activated at time 0.04 s, and the system returns
quickly to the original configuration with four properly level-shifted carriers.
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The output voltage waveform of the investigated inverter during reconfiguration
process is shown in Figure 20.
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4.4. Evaluate the System Configuration Time

From the cell controller connection of DSA-PSC method and DSA-LSC method, shown
accordingly in Figures 5 and 7, it can be seen that, from starting up, both methods reach
the steady-state after 2N time steps. Therefore, the configuration time of both methods is:

Tcon f iguration = 2N · Ts (10)

where N is the number of active cells and Ts is the sampling time.
Figure 21 compares the configuration time of the conventional method (using modified

updating rules in (2) with K = 0.66) to that of the proposed self-aligned phase-shifted carrier
method. For estimating its configuration time, the conventional method is simulated with
different values of N, and the system is considered as reaching steady-state when the errors
of inter-carrier phase-shifts are smaller than 10−4 degree (i.e., ε(∆θn, n+1) ≤ 10−4 degree).
Meanwhile, the configuration time of the proposed DSA-PSC method is estimated directly
using (10). From Figure 21, it can be seen that the reduction of configuration time is the key
advantage of the proposed DSA-PSC method. The higher the number of cells is, the larger
the reduction of time steps of the proposed method to reach the steady-state is.
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Figure 21. Configuration time of conventional (modified updating rule) and proposed (DSA-PSC)
self-aligned phase-shifted carrier methods.

To study in detail the configuration process of the conventional method and the
proposed method, simulations are conducted for the systems controlled by these methods
with different values of cell numbers (N = 4, 6, and 13). For each value of N, the variation
of carrier phases as well as inter-carrier phase-shifts during starting up processes of both
control methods are presented in Figures 22 and 23 (for N = 4), in Figures 24 and 25
(for N = 6), and in Figures 26 and 27 (for N = 13). These simulation results confirm the
advantage of the proposed DSA-PSC method in terms of lower configuration time and
zero inter-carrier phase-shifts relative error, which is summarized in Table 5.
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Table 5. Evaluate the system configuration time.

Number of Cells in
the System

Conventional
Modified Updating

Rule
(K = 0.66; ε(∆θn, n+1)

≤ (10−4)0)

Proposed DSA-PSC
Method

(ε(∆θn, n+1) = 00)

Number of time steps

4 14 8

6 28 12

13 170 26

Moreover, it should be noted that the proposed method can be applied to any number
of carriers (N ≥ 1), and it is different from the conventional method, which can be applied
only for the system with N ≥ 3, as mentioned in Section 2.

4.5. Evaluate the System Reconfiguration Time

To evaluate the system reconfiguration time of the proposed DSA-PSC method,
Figure 28 shows the simulation of reconfigurations for a six-cell converter using the CPSC
method (with modified updating rule) as well as the proposed DSA-PSC one. At the begin-
ning, the system starts with six interleaving cells involving six carriers with inter-carrier
phase-shift ∆θbase = 60◦. Then, at time 0.5 ms (at time step 0.5 × 104), the cell 3 is removed,
and the five remaining cells adjust their own inter-carrier phase-shifts to reach ∆θbase = 72◦.
Next, at time 1 ms (at time step 1× 104), the cell 5 is removed, and the system is interleaved
by self adjusting the phase-shifts to ∆θbase = 90◦. Then, the cell 5 is reinserted at time 1.5 ms
(at time step 1.5 × 104), resulting in a new inter-carrier phase-shift ∆θbase = 72◦. Finally,
the cell 3 is re-activated at time 2 ms (at time step 2 × 104), and the system returns to the
original configuration.
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The reconfiguration time study of two methods shown in Figure 28 approves the
advantage of the proposed DSA-PSC method in terms of lower reconfiguration time with
zero inter-carrier phase-shifts relative error, which is summarized in Table 6.

Table 6. Evaluate the system reconfiguration time for a six-cell converter.

Actions

Conventional
Modified Updating

Rule
(K = 0.66; ε(∆θn, n+1)

≤ (10−4)0)

Proposed DSA-PSC
Method

(ε(∆θn, n+1) = 00)

Number of time steps

Removing cell 3 17 10

Removing cell 5 24 8

Reinserting cell 5 15 8

Reinserting cell 3 24 10

5. Experimental Result

Figure 29 shows the experimental setup of the four-cell converter system with the load
to verify the proposed control algorithm. Each converter cell consists of a DSP controller,
a driver circuit, and an IGBT power module. The topology of the power converter is
presented in Figures 10a and 11a. Information on experimental components is given
in Table 7. The DSP controller is the LaunchPad Development Kit using C2000 Delfino
MCUs F28379D from Texas Instrument (TI). With this setup, the experimental results of the
conventional method and the proposed method can be obtained by changing only the DSP
program accordingly whilst keeping the system hardware unchanged.
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Figure 29. Experimental prototype for the test of the DSA-PSC and the DSA-LSC methods.

Table 7. Information on experimental components.

Component Information

Controller board
C2000 Delfino MCUs F28379D LaunchPad

Development Kit, Texas Instruments, Dallas,
TX, USA

Power circuit IGBT GW40N120KD

Driver circuit
Hybrid integrated IGBT driver MORNSUN

QP12W08S-37, MORNSUN Guangzhou
Science & Technology Co., Ltd.

Current sensor
Current Transducer LTS 15-NP IPN = 15 At,

LEM
Tektronix A622 AC/DC current probe

Further, for rapid programming, the DSP is coded using the Matlab/Simulink software
combining with the Code Composer Studio (CCS) compiler from TI, which is proposed
in the previous works [32–34]. The programming sequence is conducted in three steps:
(1) the model of the control algorithm is built using Matlab/Simulink; (2) the Real-Time
Workshop® in Matlab generates C code file from this model; (3) the C code file is down-
loaded into the DSP board using the CCS compiler.

5.1. Experiment with DSA-PSC Method

Figure 30 shows the connection diagrams for DSA-PSC method, each cell is controlled
by a DSP controller and communicates with other cells via the functional pins described
in Table 8. Parameters of four-phase converter (Figure 10a) with algorithm DSA-PSC are
shown in Table 9.



Appl. Sci. 2021, 11, 137 23 of 34Appl. Sci. 2021, 11, x FOR PEER REVIEW 23 of 34 
 

 

Vref 

information

EN_1 EN_2 EN_3 EN_4

Carrier phase 

computation

Counter operation

Clock synchronization

PWM control signal

B1, H1 CELL_1 CELL_2 CELL_3 CELL_4

D
S

P
 T

M
S

3
2

0
F

2
8

3
7
9
D

N total

PWM control signal

B2, H2 

PWM control signal

B3, H3 

PWM control signal

B4, H4 

 

Figure 30. System diagram for the experimentation of the DSA-PSC method. 

Table 8. Function of control pins of digital signal processor (DSP) for algorithm DSA-PSC. 

Parameter Pin on DSP Function 

count_in GPIO 97, 94, 65 Get information of cell index from the previous cell 

count_out GPIO 130, 63, 64 Send information of cell index to the next cell 

number_in GPIO 52, 41, 40 Get information of total number of cell in the system 

number_ou

t 
GPIO 26, 27, 25 Send information of total number of cell in the system 

EN GPIO 66 Enable to Activate/Deactivate the cell 

clk_in GPIO 14 Receive synchronous clock pulse 

clk_out GPIO 04 
Send information of synchronous clock pulse to the next 

cell 

teta_base ADCA15 
Get information of carrier phase angle from the previous 

cell 

send_teta DACB Send information of carrier phase angle to the next cell 

Vrf_in ADCA14 Get information of modulation index of master cell 

Vrf_out DACA Send information of modulation index to orther cell 

B signal GPIO 0 IGBT control signal B (high-side switch) 

H signal GPIO 1 IGBT control signal H (low-side switch)  

Table 9. Parameters of four-phase converter with algorithm DSA-PSC. 

Parameter Symbol Unit Value 

Output inductor 
L1…L4,  

R1…R4,  

H 

Ω 

0.06 

2.5 

Load resistor R Ω 20 

Voltage source E V 100 

Switching frequency fsw Hz 10000 

Sampling time Ts s 5 × 10−5 

Duty cycle D  0.8 

Figure 31 depicts the arrangement of the carrier phases and the IGBT control signals 

when all cells are active. Figure 31a shows that four triangular carriers are arranged with 

an exact 90° phase-shift, resulting in four PWM control signals (to the four high-side cell 
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Table 8. Function of control pins of digital signal processor (DSP) for algorithm DSA-PSC.

Parameter Pin on DSP Function

count_in GPIO 97, 94, 65 Get information of cell index from the previous cell

count_out GPIO 130, 63, 64 Send information of cell index to the next cell

number_in GPIO 52, 41, 40 Get information of total number of cell in the system

number_out GPIO 26, 27, 25 Send information of total number of cell in the system

EN GPIO 66 Enable to Activate/Deactivate the cell

clk_in GPIO 14 Receive synchronous clock pulse

clk_out GPIO 04 Send information of synchronous clock pulse to the next cell

teta_base ADCA15 Get information of carrier phase angle from the previous cell

send_teta DACB Send information of carrier phase angle to the next cell

Vrf_in ADCA14 Get information of modulation index of master cell

Vrf_out DACA Send information of modulation index to orther cell

B signal GPIO 0 IGBT control signal B (high-side switch)

H signal GPIO 1 IGBT control signal H (low-side switch)

Table 9. Parameters of four-phase converter with algorithm DSA-PSC.

Parameter Symbol Unit Value

Output inductor L1 . . . L4,
R1 . . . R4,

H
Ω

0.06
2.5

Load resistor R Ω 20

Voltage source E V 100

Switching frequency fsw Hz 10,000

Sampling time Ts s 5 × 10−5

Duty cycle D 0.8

Figure 31 depicts the arrangement of the carrier phases and the IGBT control signals
when all cells are active. Figure 31a shows that four triangular carriers are arranged with
an exact 90◦ phase-shift, resulting in four PWM control signals (to the four high-side cell
switches) with same duty-cycle and same inter-carrier phase-shift, as shown in Figure 31b.
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When cell 3 is deactivated, the system has three remaining cells, and their carriers are
rearranged at an exact 120◦ phase-shift, as shown in Figure 32a, and the triggering pulses are
also rearranged to three pulses with 120◦ inter-carrier phase-shift, as shown in Figure 32b.
When both cells 3 and 4 are deactivated, the system has two remaining cells, and their
carriers are rearranged 180◦ apart, as shown in Figure 33a, and the triggering pulses are
also changed accordingly to two pulses with 180◦ inter-carrier phase-shift (Figure 33b).
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The transient system response of phase-shift arrangement in the case of deactivating
cell 3 is illustrated in Figure 34a. It can be seen that it takes around 200 µs (at 10 kHz) to
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complete the reconfiguration of system carriers. After that, the three remaining triggering
pulses are rearranged with the same inter-carrier phase-shift among pulses, as shown in
Figure 34b.
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Figure 35a shows the transient system response of reconfiguring a system from three
cells to four cells (reactivating cell 4 while the other three cells are running). This system
response takes around 150 µs to complete, and then the system has four PWM control
signals with appropriate inter-carrier phase-shift balance.
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Figures 36 and 37 show the output voltage and the current waveforms when removing
and reinserting cell 3, respectively. These results show that the voltage presents a very
low ripple. When the system is reconfigured (i.e., adding or removing a cell), the voltage
fluctuation during the transient is about 1%, and the output voltage reaches steady-state
within a very short transient time (as shown in Figures 36 and 37).
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5.2. Experiment with DSA-LSC Method

Figure 38 shows the connection diagrams for DSA-LSC method; each cell is controlled
by a DSP controller and communicates with other cell via the pins described in Table 10.
Parameters of five-level converter (Figure 11a) with the algorithm DSA-PSC are presented
in Table 11.
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Table 10. Function of control pins of DSP for algorithm DSA-LSC.

Parameter Pin on DSP Function

count_in GPIO 97, 94, 65 Get information of cell index from the previous cell

count_out GPIO 130, 63, 64 Send information of cell index to the next cell

number_in GPIO 52, 41, 40 Get information of total number of cells

number_out GPIO 26, 27, 25 Send information of total number of cells

EN GPIO 66 Enable to Activate/Deactivate a cell

clk_in GPIO 14 Receive synchronous clock pulse

clk_out GPIO 04 Send information of synchronous clock pulse to the next cell

Teta_base ADCA15 Get information of phase from the previous cell

Send_teta DACB Send information of phase to the next cell

Vrf_in ADCA14 Get information of modulation index from the previous cell

Vrf_out DACA Send information of modulation index to the next cell

Frf_in GPIO 105, 104,
95, 139, 56, 10, 11 Get information of frequency from the previous cell

Frf_out GPIO 29, 131, 05,
24, 16, 06, 07 Send information of frequency to the next cell

B signal GPIO 0 IGBT control signal B

H signal GPIO 1 IGBT control signal H

Table 11. Parameters of five-level DC/AC converter with algorithm DSA-LSC.

Parameter Symbol Unit Value

Load resistor R Ω 100
Voltage source Vdc1 . . . . . . Vdc8 V 40

Switching frequency fsw Hz 10,000
Sampling time Ts s 5 × 10−5

Modulation index M 0.8
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Figure 39a describes the arrangement of carrier levels (An) when the system has four
cells, and Figure 39b shows the triggering pulses sent to the IGBTs of cells, which are
correctly interleaved, and accordingly to a four-cell five-level converter.
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Figure 39. Experimental result of four interleaved carriers using DSA-LSC method, (a) carrier levels; (b) PWM control signals.

Figures 40–42 show the system response of a reconfiguration event, the output voltage
levels, and the cell IGBT PWM control signals when adding or removing one or more
cells. Figure 40 shows the system response when the system is reconfigured from four
cells to three cells (by removing cell 3). Figure 41 shows the system response when cell 3
is added into an operating three-cell system. Figure 42 shows the system response when
cell 4 is removed and added into an operating three-cell system. In these figures, the
reconfiguration system response takes about 300 µs to complete.
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Figure 43 shows the output voltage and the load current of the converter when all
four cells of the converter operate. In this case, the output voltage has five levels, as shown
in Figure 43a. Figure 44 shows the output voltage and the load current waveforms when
one cell is removed and the system has 3 cells left, resulting in four-level output voltage, as
shown in Figure 44a.
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Figure 45 shows the transients of output voltage and load current when cell 3 is
removed and reinserted; in this case, the DSA-LSC method is applied for each cell controller.
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Figure 45. Output voltage and load current when removing and reinserting cell 3 using DSA-LSC method, (a) removing cell
3; (b) reinserting cell 3.

Figure 46 shows the FFT analysis of the output voltage, where Figure 46a shows the
voltage FFT spectrum within the frequency range from 0 to 450 Hz, and Figure 46b shows
the voltage FFT spectrum within the range from 0 to 20 kHz. The FFT analysis results show
that the output voltage has low harmonic distortion.
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5.3. System Reconfiguration Speed

To compare the reconfiguration speed between the CPSC (modified updating rule)
and the proposed DSA-PSC method, the transient system responses of a reconfiguration
event when removing a cell (Figure 47) or reinserting a cell (Figure 48) for both methods are
shown. It can be seen that using CPSC method, the reconfiguration system response takes
around 250 µs, while this system response occurs within about 200 µs with the proposed
DSA-PSC method. These measured system reconfiguration times are also similar to the
simulation results, showing that DSA-PSC method is faster than the CPSC method.
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6. Conclusions

In order to reduce the system configuration and reconfiguration times as well as to
overcome some restrictions in updating rules of the conventional decentralized control
method, two fast control methods are proposed in this paper, namely decentralized self-
aligned phase-shifted carrier (DSA-PSC) and decentralized self-aligned level-shifted carrier
(DSA-LSC). The algorithms of both methods are similar, where a cell controller sends to
the next one the information of its angle/level, its index number, and the total number
of activated cells of the converter. Then, each cell controller determines the inter-carrier
phase-shift/elementary level shift and updates its own carrier-phase/carrier-level based
on the received information. The proposed control algorithm can be easily implemented
with DSP, can self-align the carriers rapidly and exactly, and can be applied to both phase-
shifted and level-shifted multi-cell converters with any number of carriers. Simulation
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and experimental study are provided to validate the feasibility and the effectiveness of the
proposed DSA-PSC and DSA-LSC methods.

It can be concluded that the main advantages of the proposed DSA-PSC and DSA-LSC
are: (1) the system can operate with any number of carriers (N ≥ 1); (2) the system can
start up from any value of carrier-phases or carrier-levels, including zero point; (3) in
case a cell controller is inserted or removed, the system reaches the steady-state after
predefined reconfiguration time (equal to 2N time steps); (4) the simulation study confirms
that the reduction of configuration time is the key advantage of the proposed DSA-PSC
method in comparison with the conventional decentralized phase-shifted method, and this
reduction becomes more significant with higher number of carrier N; (5) simulation and
experimental studies in case of a reconfiguration process for conventional and proposed
methods also approve the advantages of the proposed DSA-PSC method in terms of lower
reconfiguration time and zero inter-carrier phase-shifts relative error.
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