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ABSTRACT In this paper, the problems existing in common modulation methods are analyzed, and an
optimized modulation strategy is proposed. Firstly, the single-pole frequency doubling modulation technique
is adopted to reduce the maximum switching frequency to 1/2 of the original switching frequency, and the
equivalent switching frequency of inverters remain constant. On this basis, the trigger signal of each unit
is rotated in units of 1/4 cycle, so the output power of each cell is balanced after 3/4 cycles. The method
is simple in control, and the Total Harmonic Distortion (THD) of line voltage is better than the carrier
phase shift technique. The working stress of all the unit switching tubes is the same, the heat dissipation
distribution is uniform, the switching loss is effectively reduced, and the service life and system reliability are
improved. Finally, simulation and experimental results verify the correctness and feasibility of the optimized
modulation strategy.

INDEX TERMS Optimized modulation strategy, balanced, working stress, switching loss.

I. INTRODUCTION
The Multi-level inverters have drawn increasing attention in
high voltage high power applications due to their advantages
of reducing the harmonic component and the voltage stress
on the power devices, when compared with two-level con-
verters [1]–[5]. The most common multilevel inverters can be
mainly divided into neutral-point clamped(NPC) Multi-level
inverters, flying capacitor(FC) Multi-level inverters, and cas-
caded H-bridges(CHB) Multi-level inverters. Among which
the CHB Multi-level inverters has the advantages of simple
structure, phase voltage redundancy, high reliability, being
easy to modular design and manufacture, compared to other
multilevel inverters, it does not required any clamping diodes
and flying capacitors, so it has been used in various applica-
tion, such as photovoltaic (PV) [6], electric vehicle [7], flex-
ible alternating current transmission systems (FACTS) [8],
static synchronous compensator (STATCOM) [9].

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhouyang Ren.

Modulation strategy is the key technique for CHB-MLI,
which do direct influence on the performance of inverter such
as output waveform quality, system reliability, service life and
efficiency. Various modulation strategies have been proposed
for the CHB-MLI, the most common one are selective har-
monic elimination pulse width modulation (SHEPWM) [10],
Space Vector pulse width modulation (SVM-PWM) [11]
and Multi-carrier pulse width modulation (Multi-carrier
PWM) [12]. SHEPWM have the advantage of less switching
loss, but it is often necessary to calculate a set of complex non-
linear equations, resulting in slow dynamic response. SVM-
PWM is one of the promising high frequency modulation
methods, it have good performance at low modulation ratio
and suitable for digital signal processing (DSP) implementa-
tion, however, as the number of levels increases, the amount
of calculation increases, and is generally only applicable
to multi-level inverters below five levels. For Multi-carrier
PWM, Phase-shifted pulse widthmodulation (PS-PWM) [13]
and level-shifted PWM (LS-PWM) are the most popular
schemes [14]. The THD of line voltage of the PD-LS-PWM
is the best [15], however, it has the problem that the output
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power of each H-bridge units is not balanced [16], it is
necessary to optimize and improve In-Phase Displacement
PWM (IPD-PWM) technique, and the switching frequency
distribution of each switching device is not uniform [17].

The literature [17], [19] proposes a strategy of cycli-
cally moving the sinusoidal modulation wave in different
carrier regions,which achieves the output power balance
between different cells and improves harmonic performance.
However, the strategy is only for applications where the
modulation index M is less than 0.5. The literature [16], [18]
proposes a power balance control method of alternating
changing the position for corresponding carrier of two cells
on the time axis, which realizes the output power balance
between cascade H-bridge cells within one cycle. However,
alternating changing carrier will additionally add the switch
times of the switching tubes, resulting in the increase in
switching losses. The literature [20] proposes a modified
staircase wave modulation strategy. This strategy does not
need to recalculate the switching angle, only needs to adjust
the switching angle of traditional staircase wave modulation.
However, there is an H-bridge cell that does not work at
low modulation index, and the output power of each cell
can only be roughly balanced at high modulation index.
Moreover, staircase wave modulation is just applicable to
situation with low-frequency modulation and less cascaded
cells.The literature [21] proposes a hybridmulti-carrier PWM
strategy, which can achieve output power balance naturally
between diffenent cells. when this strategy is applied to CHB
Seven-level inverters, the THD of line voltage uAB is the same
as IPD-PWM strategy at modulation index M ∈ [0,0.35],
but at modulation index M ∈ [0.35,0.9] , the THD of line
voltage uAB is higher or equal to CPS-PWM strategy.

In this paper, the PD modulation strategy is optimized
by the single-pole frequency doubling technique, so that
the maximum switching frequency of the switching tube is
reduced to 1/2 of the original, thereby reducing the switching
loss. On this basis, the trigger pulse signals of each unit are
rotated in units of 1/4 cycle, and the power balance of each
unit is realized after 3/4 cycles. The method not only realizes
the time required for power balance, but also has the same
working stress of all the switching tubes of each unit, and the
heat distribution is uniform, which effectively improves the
service life and reliability of the system.

II. TOPOLOGICAL ANALYSIS
The topology structure of H-bridge cascaded seven-level
inverters is shown in Fig.1. It composed by a series connec-
tion of three H-bridge cells, each H-bridge unit is powered by
a separate DC power supply. Assuming that the input voltages
of the three H-bridge cells are Vdc1 = Vdc2 = Vdc3 = E , the
corresponding output voltages of each cell are vH1, vH2, vH3.
The generated output voltage of each cell composed of three
voltage levels +E , −E and 0 by a different combination of
the four switches. The total output voltage vAN of the inverter
is as follows:

vAN = vH1 + vH2 + vH3 (1)

FIGURE 1. The topology of 3-cell CHB inverter r.

As shown in Fig.1, each single bridge gives three level as
an output, if n cells are connected in series then the output
voltage level is 2n+1.

Defining the switch state function Sij of each cell is

Sij =

{
1 Upper switch conduction
0 Lower switch conduction

i = 1, 2, 3; j = 1, 2;

(2)

In the Equations (2), i denotes the ith cascade unit and
j denotes the jth switching device in the ith unit.
Then the output levels of the different switching state

functions of the connected units are

vHi


E, Si1Si2 = 10
0, Si1Si2 = 00 or 11
−E, Si1Si2 = 01

(3)

Table 1 shows the output voltage of the inverter under
different output functions. It can be seen from the table that
the phase voltage vAN of the three-element CHB inverter
can have a total of seven levels of ±3E, ±2E, ±E and 0.
In order to avoid energy circulation, the output states of
the opposite polarity of the output voltage of each unit are
removed in Table 1. It can be seen from the table that when
the output levels of the phase voltage vAN are ±2E, ±E and
0, each unit has a redundant output state function.

III. PD-LS-PWM-ANALYSE
In the PD-LS-PWM, N-level CHB inverters need a total of
N-1 triangular carriers. For seven-level CHB inverter, six
triangular carriers (vc1 to vc6) are required. The modulation
principle of PD-LS-PWM is shown in Figure 2. Each carrier
is vertically disposed with the same frequency and phase.
Each pair of triangular carriers corresponding to each H-
bridge unit is spatially symmetrically distributed on both
sides of the X-axis. vref is a sinusoidal modulated wave, and
its expression Formula

Vref = 3M sinωt (4)

M is the modulation index.
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TABLE 1. The output corresponding to different output state functions.

FIGURE 2. The principle of traditional PD modulation.

In the PD modulation method, the switching frequency
can be divided into the maximum switching frequency and
the average switching frequency. The maximum switching

frequency is equal to the carrier frequency, and the average
switching frequency is calculated according to each period
can be defined as

fa = pfm (5)

where fa is the average switching frequency, fm is the modula-
tion wave frequency, and p is the number of pulses generated
by the switching tube in one cycle. The average switching
frequency of the carrier Phase-shifted pulse width modula-
tion (CPS-PWM) is the same as the maximum switching
frequency, which is equal to the carrier frequency. For the
PD modulation method, the average switching frequency
is not the same as the maximum switching frequency. For
example, in the PD modulation method shown in Fig. 2, the
carrier frequency is 1050 Hz, the modulation wave frequency
is 50 Hz, and the number of pulses generated by the cells
1, 2, and 3 in each cycle is 5, 3, and 2, respectively. The
average switching frequency of each cycle of the cells 1, 2,
and 3 is 250HZ, 150HZ, and 100HZ, respectively, and the
maximum switching frequency is 1050HZ. Therefore, there is
a significant difference in the average switching frequency of
each unit in PD-LS-PWM.As the carrier frequency increases,
the difference will become more significant.

The output power of each cell of the CHB inverter under
PD modulation is proportional to the amplitude of the funda-
mental voltage of the output voltage [22]. When the modula-
tion index is M, the amplitude of the fundamental voltage of
the inverter phase output voltage is

vAN = 3ME (6)

According to the double Fourier analysis [23], the relation-
ship between the output voltage of the cell 1, cell 2, and cell 3
and the amplitude of the fundamental wave is

vH1 =


0, M ∈ [0, 2/3]

3ME[1−
2
π
arcsin

2
3M
−

4
π

√
9M2 − 1
9M2 ],

M ∈ [2/3, 1]

(7)

vH2 =



0, M ∈ [0, 1/3]

3ME[1−
2
π
arcsin

1
3M
−

2
π

√
9M2 − 1
9M2 ],

M ∈ [1/3, 2/3]

ME[
1
π
(
4
√
9M2 − 4
9M2 −

2
√
9M2 − 1
9M2 )]

+
2
π
(arcsin

2
3M
− arcsin

1
3M

), M ∈ [2/3, 1]

(8)

vH3 =


0, M ∈ [0, 1/3]

3ME[1−
2
π
arcsin

1
3M
−

2
π

√
9M2 − 1
9M2 ],

M ∈ [1/3, 1]

(9)

Figure 3 shows the Relationship curves between
fundamental amplitude and modulation ratio M under
PD-LS-PWM strategy. It can be seen from the figure that
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FIGURE 3. Function curve between fundamental amplitude and
modulation depth of output voltage.

the amplitude of the fundamental voltage component of the
output voltage of each cell is not equal under any modulation
ratio. Therefore, under the traditional PD modulation strat-
egy, there is a serious power imbalance between cascaded
cells.

In view of the above analysis, although the output volt-
age waveform of the PD modulation method has good har-
monic characteristics, the different switching frequencies of
the switches in each unit will lead to uneven distribution of
switching loss and heat in each unit, which will affect the
service life and reliability of the system. At the same time,
the unbalanced output power of each unit will also lead to
the problems of inconsistent utilization of DC power and
unbalanced charging and discharging of the inverters. Aiming
at these problems, it is significant to optimize the traditional
PD modulation strategy.

IV. OPTIMAL MODULATION STRATEGY
A. TWO COMMON POWER BALANCED METHODS
Aiming at the defects of PD-LS-PWM, the literature
[24], [25] proposes a power balance method respectively.
The literature [24] proposes a power balance method of By
rotating each unit in 1/4 cycle. The modulation principle of
literature [24] is shown in Figure 4 (a), A pair of carriers
correspond to a H-bridge unit(such as vc1+ and vc1− corre-
spond to H1), a total of six carriers are required. This method
takes 1/4 cycle as the basic unit, and strictly moves the carrier
once every 1/4 cycle in the vertical direction region, and
completes a carrier circulation cycle after moving 5 times, At
this time, the carrier circulation cycle is equal to 3/2 cycles.
This method makes use of the redundancy characteristics
of output voltage of each cascaded unit. By rotating each
unit in 1/4 cycle, the cyclic movement of the output voltage
pulse is realized, the output voltage characteristic of each
cascaded unit is changed, and the power imbalance caused by
the spatial dimension is compensated by the time dimension,
power balance control is realized in 3/2 cycles, as shown
in Fig. 4(b). When the triangular carrier frequency is 2kHz,
the equivalent switching frequency of inverter is also 2KHz,

FIGURE 4. The strategy proposed in literature [24] (a) with The
modulation principle diagram of literature [24] (b) with output
Power of each Unit (c) with driving signal of the switching tube.

driving signal of all switching tubes in 3/2 cycle is shown
in Fig.4(c) . According to the definition of average switching
frequency in Equation (5), the average switching frequency of
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all switching tubes in 3/2 cycles can be calculated. Obviously,
it can be seen from Fig.4 (c) the average switching frequency
of all switching tubes in each of 3/2 cycles is different,
so switching loss is distributed unbalanced.

The literature [25] proposes a kind of carrier recycle power
balance control method subject to output period as the basic
unit, which has realized output power balance between dif-
ferent cells after 3 cycles. The modulation principle is shown
in Figure 5(a), which moves the carrier once each 1 cycle in
the vertical direction region, and completes a carrier circula-
tion cycle after moving 5 times, the carrier circulation cycle
is equal to 6 cycles. The power balance control is realized
in 3 cycles, as shown in Fig. 5(b). When equivalent switching
frequency of inverter is 2KHz, driving signal of all switching
tubes in 3 cycle is shown in Fig 5(c). Obviously, the average
switching frequency of all switching tubes in each of 3 cycles
is different, so switching loss is distributed unbalanced. And
it takes a long time for power balance when the number
of cascaded units is large, so it has certain advantages in
applications where the number of cascade units is small.

B. MODIFIED MODULATION METHOD
Aiming at the defects of PD-LS-PWM and other power bal-
ance control methods, an optimal modulation control method
is proposed in this paper. Firstly, the modulated wave is
adjusted. Assuming that the amplitude of triangular carrier
of PD modulation method is 1, the modulated wave vm can
be expressed as

Vm =



Vref − 2 2 < Vref < 3,
Vref − 1 1 < Vref < 2,
Vref −1 < Vref < 1,
Vref + 1 −2 < Vref < −1,
Vref + 2 −3 < Vref < −2,

(10)

The adjustment principle is shown in Figure 6. Since
the optimized modulation method using unipolar frequency
doubling modulation technology, the number of triangular
carriers is changed from the original six to one while the
modulation wave is adjusted. The new triangular carrier vc
amplitude is 2, and the maximum switching frequency is
1/2 of the original switching frequency.
Figure 7 shows the preliminary optimized modulation

strategy. When the modulation wave vm > vc, Sa1 turned on,
when −vm > vc, Sb1 turned on, otherwise turned off; When
the initial modulated wave vref > 2, Sa2 turned on, when
vref < 2, Sb2 turned on, otherwise turned off; when vref > 1,
Sa3 turned on, when vref < 1, Sb3 turned on, otherwise turned
off, The upper and lower switches of each bridge arm are
complementary.
It can be seen from Fig.7 that the output voltage waveform

of the inverter before and after the optimized modulation is
basically the same as that of Fig.2, so the equivalent switching
frequency of the inverter remains unchanged. The maximum
operating frequency of the switch tube is reduced to 1/2 due
to the carrier frequency is reduced to 1/2. Compared with the

FIGURE 5. The strategy proposed in literature [25] (a) with The
modulation principle diagram of literature [25] (b) with output
Power of each Unit (c) with Driving signal of the switching tube.

PD-LS-PWM, the preliminary optimized modulation method
only needs one triangular carrier and two modulated waves to
realize the seven-level phase voltage output, which reduces
the number of triangular carriers and simplifies the control
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FIGURE 6. The Principle of modulation wave adjustment.

FIGURE 7. principle of the preliminary optimized modulation.

complexity. However, it still has the problems of uneven
distribution of switching losses and output power of each cell.
In order to balance the switching frequency and output power
of each cell, a power equalization control method based on
1/4 cycle pulse signal rotation is proposed on the basis of
one-time optimal modulation strategy. Its modulation prin-
ciple is shown in Fig. 8.

In Fig.8, each output cycle is divided into four regions in
units of 1/4 cycle, and each region is cyclically modulated by
three different modulation modes, and the three modulation
modes are respectively:
Mode a: When vm > vc, Sa1 turned on, when −vm > vc,

Sb1 turned on, otherwise turned off; when vref > 2, Sa2 turned
on, and when vref < 2, Sb2 turned on, otherwise turned off;
when vref > 1, Sa3 turned on, when vref < 1, Sb3 is turned
on, otherwise turned off.
Mode b:When vref > 1, Sa1 is turned on, when vref < 1,

Sb1 is turned on, otherwise turned off; when vm > vc,

FIGURE 8. principle of the preliminary optimized modulation.

Sa2 is turned on, when−vm > vc, Sb2 is turned on, otherwise
turned off; when the vref > 2, Sa3 turned on, when vref < 2,
Sb3 turned on, otherwise turned off.
Mode c: When vref > 2, Sa1 turned on, when vref < 2,

Sb1 turned on, when vref > 1, Sa2 turned on, when vref < 1,
Sb2 turned on, otherwise turned off; when vm > vc, Sa3 turned
on, −vm > vc, Sb3 turned on, otherwise turned off.
It can be seen from fig. 8 that the modulated wave vm

in the respective regions are symmetrical to each other, and
therefore, the modulated wave vm in different regions are
symmetrical to each other, so the pulse signals and output
voltage pulse widths generated in different regions will tend
to be uniform. Assume that the pulse signals of the three
H-bridge cells are SP1, SP2, SP3 respectively when modula-
tion is performed by mode a, so that the pulse signals of three
H-bridge cells in mode b are SP3, SP1, SP2, and the pulse
signals of the H-bridge cells in mode c are SP2, SP3, SP1.
When the inverter uses the pulse signals SP1, SP2, and SP3,
the corresponding output voltages are EP1, EP2, and EP3,
respectively, when the inverters are cyclically modulated by
the inverter in the mode of a-b-c, after 3/4 cycles, each unit
output voltage can be expressed as

vH1 = EP1 + EP2 + EP3
vH2 = EP3 + EP1 + EP2
vH3 = EP2 + EP3 + EP1

(11)

According to the formula (11), after 3/4 cycles, the output
voltage of each unit is vH1 = vH2 = vH3.

Therefore, the optimized pulse width modulation
(OP-PWM) strategy can effectively balance the output power
of different H-bridge units and the switching frequency of all
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TABLE 2. Comparison of different strategies.

switching tubes. At the same time, the maximum switching
frequency of the switching tube is reduced to 1/2, which
improves the service life and reliability of the system.

Table 2 shows the comparison of different strategies,
it can be seen that the main difference between the literature
[16]–[25] proposed strategies and the proposed OP-PWM
strategy is that the proposed OP-PWM strategy achieved the
balanced distribution of output power and switching losses,
and number of carriers and power balance cycle are the small-
est. Although the strategy with balanced power and switching
losses distribution is also presented in Literature [21], the har-
monic performance of line voltage vAB is poor.

V. SIMULATION ANALYSIS
In order to prove the feasibility of the optimized modu-
lation strategy proposed in this paper, the simulation and
verification are carried out on the Matlab/Simulink platform.
Simulation parameters are as follows: DC side input voltage
is 80V,modulation wave frequency is 50HZ,modulation ratio
M=0.85, load R=25, L=4mH.

Fig.9a shows the pulse driving signals of the respective unit
switching tubes. As can be seen from the figure, the pulse
signals of the different cells switching tubes are evenly
distributed. From the definition of the average switching
frequency of equation (5), it can be calculated that the
average switching frequency of all the switching tubes in
each of 3/4 cycles is 300HZ, so the working stress of all
the switching tubes is the same, indicating that the optimized
modulation strategy can effectively balance all Switching loss
of the switching devices.

Fig.9b shows the output voltage of inverter under opti-
mized modulation strategy, it can be seen that the output
voltage of each cells contains many different basic voltage
waveforms, which are cycled every three cycles. The fun-
damental amplitudes of vH1, vH2, and vH3 are both 68.05V,
which satisfies the conditions of output power balance of

FIGURE 9. simulation result (a) with driving signal of the switching tube
under OP-PWM (b) with output voltage of the inverters under OP-PWM.

each unit. The output phase voltage vAN is a seven-level PWM
waveform, and the line voltage vAB is an eleven-level PWM
waveform.
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FIGURE 10. Harmonic analysis of output voltage (a) with harmonic analysis of phase voltage under PS-PWM (b) with harmonic analysis of
line voltage under PS-PWM (c) with harmonic analysis of phase voltage under PD-LS-PWM (d) with harmonic analysis of line voltage under
PD-LS-PWM (e) with harmonic analysis of phase voltage under OP-PWM (f) with harmonic analysis of line voltage under OP-PWM.

Figure 10 shows the harmonic analysis of the output
phase voltage vAN and the line voltage vAB under PS-PWM,
PD-LS-PWM and OPPWM. The triangular carrier frequency
is 1/3kHz, 2kHz, 1kHz respectively, and the equivalent
switching frequency are equal to 2kHz. It can be seen from
the figure that the main harmonic content of the phase
voltages of the three strategies is concentrated around 2 kHz.
The phase voltage fundamental amplitude of the PS-PWM
modulation method is 204V, the THD is 23.94%, the line
voltage fundamental amplitude is 353.3V, and the THD
is 19.19%. The phase voltage fundamental amplitude of
the PD-LS-PWM modulation strategy is 204V. THD is
23.66%, line voltage fundamental amplitude is 353.2V, THD
is 13.30%; PD optimized modulation strategy phase voltage
fundamental amplitude is 204.2V, THD is 23.47%, line volt-
age fundamental amplitude is 353.6V, THD is 17.72 %. The
optimized modulation strategy output phase voltage THD is
lower than PS-PWM and PD-LS-PWM, and the line voltage
THD is lower than PS-PWM but increases compared to
PD-LS-PWM.

FIGURE 11. Line voltage THD for different modulation strategies.

Figure 11 shows the THD distribution curve of the out-
put line voltage under different modulation strategies. It can
be seen from Figure 11 that the OP-PWM strategy has a
better phase voltage output waveform in the full modula-
tion index range, and the output voltage quality of the line
voltage is basically between PD-LS-PWM and PS-PWM.
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only at M=0.4, the line voltage quality of the PS-PWM
method is better.

Figure 12 shows the output power distribution for each cell
under an optimizedmodulation strategy. PH1, PH2 and PH3 are
the output powers of unit 1, unit 2 and unit 3, respectively.
It can be seen from the figure10 that when the modulation
ratio is M = 0.85, the average output power of the inverter
every 3/4 cycles is PH1 = 279.37W, PH2 = 279.37W,
PH3 = 279.37W, which effectively achieve output power
balance of different cells.

FIGURE 12. Output power of each unit.

Table 3 shows the output power distribution of the
OP-PWM at different modulation ratios. It can be seen from
the table 3 that the output power of different units is substan-
tially the same in the full modulation ratio range, indicating
that the proposed OP-PWM can achieve power balance of
each cell over the entire modulation index M, and solve the

TABLE 3. Output power distribution of each cell.

FIGURE 13. Experimental prototype.

extreme problem of output allocation for each unit at low
modulation index under IPD-PWM technique.

VI. EXPERIMENTAL VERIFICATION
In order to further verify the effectiveness of the proposed
control method, a three-unit CHB inverter experimental plat-
form was constructed as shown in Fig.13. The experimen-
tal platform is controlled by DSP (TMS320F2812) with

FIGURE 14. Output power of each unit (a) with pulse signal and output
voltage waveform of cell 1 (b) with output voltage (c) with output phase
voltage, phase current (d) with harmonic analysis of phase voltage.
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FIGURE 15. Output power of each cascaded Unit under OP-PWM (a) with
output Voltage, phase current and output power of unit 1 (b) with output
Voltage, phase current and output power of unit 2 (b) with output Voltage,
phase current and output power of unit 3.

TX-KP101 as the drive. IGBT IXGH12N60BD1 is selected
as the switching tube. The main parameters of the system
are set as follows: DC input voltage is 80V, modulation ratio
M = 0.85, carrier frequency is 3kHz, the output voltage
frequency is 50Hz, the load is R=25�, L = 4mH.
Figure 14a shows the pulse drive signal and output voltage

waveform of the left and right bridge arms of unit 1 under
the PD optimized modulation strategy. As can be seen from
the figure, the frequency of the left and right bridge pulse
drive signals is basically the same; Figure 14b shows the
waveform of the output voltage. The output voltage of each
battery contains various basic voltage waveforms, and its
characteristics are consistent with the simulation results. The
voltage is a seven-stage PWM waveform; Figure 14c shows
the output phase voltage vAN, the filtered phase voltage vo ∗

and the phase current io. It can be seen from the figure that
the output voltage and current are filtered to be a standard sine
wave; Figure 14d OP-PWM The harmonic analysis diagram
of the inverter output phase voltage under the strategy, it can
be seen from the figure that the phase voltage harmonic con-
tent is mainly distributed around 6 kHz, and its distribution
characteristics are consistent with the simulation results, and

the equivalent switching frequency is 6 kHz. It shows that the
OP-PWM strategy has a frequency multiplication effect.

Fig.15(a), (b) and (c) show the waveform of the output
voltage, current and output power for the cascaded unit 1,
2 and 3 respectively.The output power is obtained by mul-
tiplying the output voltage of each unit by the phase cur-
rent. The output power of each unit are equal approximately
to 279W, which indicates that the modulation strategy can
achieve the power balance of each unit. The experimental
results are basically consistent with the simulation results,
indicating the correctness and feasibility of the OP-PWM
strategy.

VII. CONCLUSION
In view of the shortcomings of the traditional PD modulation
strategy, this paper proposes an OP-PWM strategy. Compar-
ing with the PD-LS-PWMmodulation strategy, the OP-PWM
strategy has the following advantages.

(1) A similar single-pole frequency modulation technique
is used to optimize the traditional PD modulation strategy,
so that the maximum switching frequency of the switching
tube is reduced to 1/2, the equivalent switching frequency
remains constant, the switching loss are reduced, and the
harmonic performance of line voltage is better than the
PS-PWM.

(2) The trigger pulse signal of each unit is rotated in units
of 1/4 cycle. After 3/4 cycles, the power balance of each unit
is realized, which solves these problems that the unbalanced
charging and discharging problem of the DC power supply
for each unit and the inconsistent utilization problem. The
switching loss of each unit is the same, and the working stress
of all switching tubes is the same, which improves the service
life and reliability of the system.
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