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Abstract: In this paper, one model of flexible space-vector-based hybrid pulse width modulation
(HPWM) transition algorithm consisting of selective harmonic elimination pulse width modulation
(SHEPWM) and selective harmonic mitigation pulse width modulation (SHMPWM) is applied
and examined in a 10kV grid with a three-level neutral point clamped (3L-NPC) grid-connected
inverter. These two modulation techniques are used to produce the appropriate firing pulses for
3L-NPC grid-connected inverters in different cases. SHMPWM is adopted to the grid-connected
inverters to mitigate the required odd non-triplen harmonics according to the requirements of grid
codes EN 50160 and CIGRE WG 36-05, while the firing pulses generated using SHEPWM is used to
eliminate the primary low-order odd non-triplen harmonics completely. Meanwhile, one smooth
and fast transition scheme is proposed by providing a suitable switching angles set at the transition
point. Finally, it is demonstrated and validated by the MATLAB/SIMULINK model that smooth
and quick transition is realized and there is no sudden change of current during the transition,
as expected. Furthermore, this hybrid PWM technique is universal for different PWM methods based
on the specific operating conditions.

Keywords: flexible space-vector-based hybrid pulse width modulation technique; selective harmonic
elimination pulse width modulation; selective harmonic mitigation pulse width modulation; smooth
and fast transition scheme; three-level neutral point clamped inverter

1. Introduction

Over the last few decades, increasing environmental concerns and government initiatives to reduce
carbon emissions have surged the demand for interlinking multilevel inverters (MLI) and renewable
energy sources (RES), and the market for MLI and RES is expected to grow at its highest speed.
Hence, it is desirable to use renewable and sustainable energy technologies, such as high-voltage
direct current (HVDC) system:s, flexible alternate current transmission systems (FACTS), and electric
vehicles and hybrid electric vehicles (EVs/HEVs), solar photovoltaic system, wind turbine, tidal power
generation, electric vehicles system, and hybrid microgrid [1-5], as shown in Figure 1. MLIs play an
important role in integrating the DC and AC power networks and energy consumption [6,7] and have
been designed by utilizing the combination of a large number of semiconductor power switches
that have the ability to withstand higher voltage ratings compared to the conventional two-level
full-bridge converters and also have several inherent characteristics, such as low switching frequency,
small electromagnetic interference (EMI), lower dv/dt stress at the output terminals and reduced
total harmonics distortion (THD). There are several topologies available for these kinds of industrial
and civil applications: flying capacitor (FC), cascaded H-bridge (CHB), and neutral-point-clamped
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(NPC), among which the 3L-NPC inverters is one of the most successful and widely applied topologies
in medium and high-power regenerative applications. For 3L-NPC inverters, pulse width modulation
(PWM) is one of the critical techniques, and so far, it mainly includes carrier-based sinusoidal
PWM (CB-SPWM), space vector PWM (SVPWM), selective harmonic elimination PWM (SHEPWM),
and selective harmonic mitigation PWM (SHMPWM). In consideration of the distribution of each
harmonic, total harmonic distortion (THD) and system losses, these diverse PWM techniques have
their own various performances. However, low switching frequency requires special attention in
high-power applications, which is responsible for decreasing switching loss as well as enhancing
system efficiency [8-12]. Therefore, among these techniques, SHEPWM and SHMPWM are more
suitable for such kind an application.

DC
DC

v/ T > 1
J@X HGIE J @ 2 Grid
AC/DC @ T @
Wind Turbine 31-NPC
DC
DC

Figure 1. Configuration of distributed grid system based on 3L-NPC inverters.

In order to further combine the advantages of different PWM methods, hybrid PWM (HPWM) was
proposed [13-23]. The biggest difficulty of this scheme is how to achieve the fast and smooth transition
since the transition between various PWM methods may cause currents to fluctuate. In Reference [13],
one HPWM method, which combines the merits of SVPWM and SHEPWM,, is presented, and the smooth
and quick transition is realized by optimizing the switching state during transition. In References [19]
and [20], one HPWM method, which combines different SHEPWM, is proposed and is applied to provide
variable frequency of output voltage based on different switching patterns. Finally, in References [21]
and [22], another HPWM technique, called space-vector-based HPWM, is used to reduce current ripple
and peak-to-peak torque ripple in induction motor drives, respectively. However, all the above examples
do not explain the logic of the transition scheme in great detail.

Therefore, in view of the difficulty of HPWMs and the concept of space-vector-based HPWM,
one flexible space-vector-based HPWM transition algorithm for 3L-NPC grid-connected inverters is
proposed in this paper, which fully takes advantage of the merits of both SHEPWM and SHMPWM.
SHMPWM is adopted to the grid-connected inverters to mitigate the required odd non-triplen
harmonics according to the requirements of grid codes EN 50160 and CIGRE WG 36-05, while the firing
pulses generated using SHEPWM is used to eliminate the primary low-order odd non-triplen harmonics
completely. Here, 15 switching angles are determined to be used, which means that the switching
frequency is 750 Hz. Meanwhile, one smooth and quick transition scheme is proposed by providing
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suitable switching angles set at the transition point; the concept is relatively simple to implement but
works well. Finally, it is demonstrated and validated by MATLAB/SIMULINK model that the smooth
and quick transition is realized and there is no sudden change of current during the transition,
as expected.

The rest of the paper is organized as follows. The formulation of SHEPWM and SHMPWM for
3L-NPC Inverters is presented in Section 2. Section 3 introduces the principle of proposed flexible
space-vector-based HPWM transition algorithm between SHEPWM and SHMPWM. The simulation
results obtained from a MATLAB/SIMULINK model are presented and analyzed in Section 4. Finally,
the conclusion is summarized in Section 5.

2. Formulation of SHEPWM and SHMPWM for 3L-NPC Inverters

For 3L-NPC inverters, due to the quarter-symmetry of the output phase voltage waveform, only
odd sine components b, are remained. That is,

a, = 0
0, n = even

N
%kg,l(—l)k+1 cos(nay), n = odd

)

bn - i
nr

where the set of N switching angles ay, ay, . .., an within the range [0, 71/2] are arranged in ascending
order, thatis, 0 < a1 < ap <... <ay < 71/2, as shown in Figure 2.
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Figure 2. Standard structure of 3L-NPC inverters and its classic output phase voltage waveform. Here,
N = odd.

Furthermore, only nontriple-order harmonics were considered as 3L-NPC inverters and were
primarily utilized in three-phase power systems, which meant that the triple-order harmonics could be
removed automatically by itself.

2.1. Basis of SHEPWM

The main idea of SHEPWM was to make zero certain particular odd harmonics while maintaining
the fundamental harmonic content, which was first introduced in 1973. The following N-equation
set should be satisfied in order to obtain the effective values, which was used to eliminate N-1 odd
harmonics (the harmonic value H;), as provided by Equation (2). After calculation, several switching
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patterns of SHEPWM were obtained, the first harmonic value was equal to the desired modulation
index M, (here, M, = b1/ (V,./2)) and the undesired odd harmonics were set to zero.

N
H; = %kz (—1)k+1 cos(ay) = M,
-1
N
Hs = 5%}{21(—1)](Jrl cos(5a) = 0
N
Hy = 7 L (=) cos(7a) = 0 @
s ¥ k+1
Hy, = ﬁkZ (=1)"" cos(nay) = 0
=1

where 7 is the maximum number of odd nontriple-order harmonics, which were considered to be
eliminated and &« = [&y,a,...,an]-

It is worth noting that the rest of the harmonics could be very high and uncontrollable while
the previous N-1 odd harmonics were set to zero. Nowadays, the required level of voltage, current
and power quality must be kept under the desired limits, which means SHEPWM, with a small quantity
of switching angles, is not suitable for many power systems.

While using additional grid-tied tuned filters and increasing the number of switching angles
can be utilized in order to minimize or eliminate these remaining undesired high-order harmonics,
the total expenses and switching losses of the power systems will be increased.

2.2. Basis of SHMPWM

The highest power quality can be obtained at low switching frequencies through the SHEPWM
method, in comparison to other PWM methods. However, the disadvantage of leaving the rest of
the harmonics completely uncontrolled makes energy injection has to be solved in order to keep
the required voltage and current level of the specific grid.

The problems presented in SHEPWM can be solved by SHMPWM. For SHMPWM, the elimination
of certain specific odd harmonics is not its main objective, but all the considered harmonics and the value
of the total harmonic distortion (THD) of the output voltage are considered to be a global problem
and should be limited to acceptable levels, as determined by the grid codes, such as EN 50160
requirements [24] and CIGRE WG 36-05 requirements [25], as shown in Table 1.

Table 1. Grid codes EN 50160 and CIGRE WG 36-05.

Odd Non-Triplen Harmonics Odd Triplen Harmonics Even Harmonics
Harmonic Relative Harmonic Relative Harmonic Relative
Order (n) Voltage (L;) Order (n) Voltage (L;) Order (n) Voltage (L;)

5 6%

7 5%

11 3.5% 3 5% o
13 3% 9 1.5% i f;
17 2% 15 0.5% 6 10 0.5%
19 1.5% 21 0.5% 10 0.29 /°
23 1.5% >21 0.2% -
25 1.5%

>25 0.2 +32.5/n
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The harmonic error level E, of each harmonic should be less than the maximum value L, of
the applied grid codes, and the mathematical expression of SHMPWM is defined in Equation (3).

= M, - |Hi| <Ly
H

Es = IH—TISL5
H

E; = IH—ZISL7

En = <L,

®)

3. Principle of Proposed Flexible Space-Vector-Based HPWM Transition Algorithm between

SHEPWM and SHMPWM

To take advantages of these two PWM methods, one control block diagram of the flexible
space-vector-based HPWM transition algorithm between SHEPWM and SHMPWM for 3L-NPC
inverters is presented, as shown in Figure 3. In this scheme, the target is the realization of the fast
and smooth transition process without any abruptly changing currents.

NSP,

M csey ')
> Alpha (1) Switch 1 |,
Tom T SHE Inverter
fi
2
— Comparator Final Transition Mode Selector
(]
—
SHM L SHE
VCR
192 fF—» 122
Signal of SHM New
Mode Change Judgment of el
Current Switching Pattern
- Psp
o] Switch 2 Pattern
Detection of PSC=[1-Yes;
etection Ol 0-No . .
Pattern Signal Change Signal Holding of

Previous Switching Pattern

(Includes Signal Holding)

Figure 3. Control block diagram of HPWM transition algorithm between SHEPWM and SHMPWM for

3L-NPC inverters.

To make it easier to understand, the logic-mathematic statements (4) are presented.

CSP = f(M,Alpha, f,)

— 1,

=1,
1,

PSP = f(CSP,PSC) = { ,

0,
1,
) =

VCR = f(CSP,PSP) =

l/
NSP = f(CSP,PSP,VCR { )

(1, M, Alpha) = cons.,Mode = SHEPWM
(f1,M, Alpha) = cons.,Mode = SHMPWM
CSP = 1,PSC =1
CSP = 2,PSC =1
dif ference  between SAV(CSP) and SAV(PSP) > 1

if  the
if the difference between SAV(CSP) and ST/(PSP) < 1
CSP = 1,PSP = 2,VCR =1
CSP = 2,PSP = 1,VCR =1

4)

Figure 4 shows the flow chart of proposed HPWM transition algorithm, and its specific process

steps are presented as follow:

1.  When the power system starts running, the SHE and SHM blocks produce their own switching
patterns according to M, Alpha and f1, which are obtained from the closed-loop control system;

based on the “Signal of Mode Change” (here, the mode is SHEPWM or SHMPWM);

First, the block “Judgment of Current Switching Pattern” starts to detect the current switching pattern
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3. Then, the next block “Detection of Pattern Signal Change” starts to detect the change of the pattern signal
in the meantime, and output “the signal of the pattern signal change, PSC” (here, 1—Yes, 0—No);

4.  If the pattern signal is changed, the block “Signal Holding of Previous Switching Pattern (Includes Signal
Holding)” starts to hold the signal of the previous switching pattern for some time (here, delay time
T is determined by the specific object);

5. The block “Comparator” is used for the real-time comparison of the output space vectors (SV) of
each pair of phase legs between SHEPWM and SHMPWM, as shown in Figure 5;

6.  Finally, three types of signals, namely “the signal of the previous switching pattern, PSP”,
“the signal of the current switching pattern, CSP” and “the signal of the vector comparison result,
VCR”, are fed to the block “Final Transition”. The block “Final Transition” outputs “the new switching
pattern, NSP” through the lower port of “Switch 1” if all three conditions above are satisfied;
Otherwise, the current switching pattern will directly pass through the upper port of “Switch 1”.

Data input: M, Alpha, fi, and Signal of mode change
M, AIP’M\S!}::HI of Mode Change =1 - SHEPWM;
2- SHMPWM
——1 SHE and SHM Blocks Block
“Judgment of Current
Switching Pattern”
i Pattern signal
Block
“Detection of Pattern

Signal Change”

PSC=1-Yes;
0 - No

Pattern changed ?
csp
2 Block
Block PSP “Signal Holding of Previous
“Comparator” Switching Pattern”
(Includes delay time )
VCR
no @
csp yes | psp
i CSP,PSP,VCR
Block
“Final
Transition”
A
The current switching pattern The new switching
directly pass through the pattern pass through the
upper port of “Switch 1” lower port of “Switch 1”
csp ¢ NSP
Transition
completed
|

Figure 4. Flow chart of the proposed HPWM transition algorithm.

For the block “Comparator”, during the process of modulation, SHEPWM and SHMPWM waveforms
will produce their own corresponding output space vectors of each pair of phase legs, which can
be applied for real-time comparison. The relationship between the output space vectors and their
corresponding gate signals is proposed in Table 2.

Table 2. The relationship between the output space vectors and their corresponding gate signals.

Space Vector Gate Signal
[P] [1100]
[O] [0110]

[N] [0011]
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Figure 5. Intuitive details of the block “Comparator”.

4. Simulation Results and Analysis

In order to verify the transition algorithm and to evaluate the states of output voltage and current
waveforms obtained from the 3L-NPC inverter and the 10kV grid, simulation model based on
the proposed HPWM algorithm has been implemented in MATLAB/SIMULINK, as shown in Figure 6.
The parameters used in the simulation are listed in Table 3.

10kV Grid

3L-NPC Converter v Transformer

A A

@
SHEPWM / SHMPWM

Figure 6. Simulation model based on the proposed HPWM algorithm.

Table 3. Parameters used in the simulation model.

Parameter, Symbol Value
Switching frequency, N 15
Switching frequency; f; 750 Hz

Delay time, T 0.02s
AC voltage, Vi 10 kV

DC-link voltage, V. 5020 V

AC voltage frequency, f 50 Hz
Resistance value in winding 1, R; 0.080533 ()
Inductance value in winding 1, L; 0.0055304 H
Resistance value in winding 2, R, 0.042809 ()
Inductance value in winding 2, L, 0.0022477 H

Source resistance, Ryg (x=qb,0) 0.000347 Q)

Source inductance, Lyg (x=q,5,c) 0.00347 H
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Through m-file codes with the fmincon function, certain feasible solutions are calculated based on
the following objective function (7). The paper only presents the result analysis when the modulation
index M, is equal to 0.8 because of limited space.

2 2 2 2
R+ B2+ b2+

Min{ THD =
b

©)

4.1. Algorithm Verification

The proposed transition algorithm can be proved by the following sequence diagram, as shown
in Figure 7. The first area “A” shows the transition from SHEPWM to SHMPWM, as well as the second
area “B”, presents the transition from SHMPWM to SHEPWM. Here, the time period from 0.3 s to 0.7 s
was selected for demonstration. As can be seen from Figure 7, the transition process was completed
when all the conditions were satisfied. After the transition, the output switching pattern remained
the new state.

SHE SHM =) SHE SHE Cp SHM SHM ) SHE
2 2 2
W Signal|changed \ W Signallchanged
v @ Y
215 B 1s B 15
3 s I 3
1 1 1
03 o4 05 0.6 0.7 0.3998 0.3999 4 0.4001 0.4002 0.5998 0.5999 .6 0.6001 0.6002
2 2 dﬁ 2
F1s 515 F1s \
o o %)
1 1 1 ©
0.3 0.4 0.5 o.p 0.7 0.3998 0.3999 .4 0.4001 0.4002 0.5998 0.5999 bAﬁ 0.6001 0.6002
1 1 1
2 05 Qo5 Q05
& &~ ~
0 0 0
03 04 05 0.5 07 0.3998 0.3999 .4 0.4001 0.4002 0.5998 0.5999 .6 0.6001 0.6002
|
2 2 2 -
515 515 515
& & &
1 1 1
03 04 05 [ 07 0.3998 0.3999 .4 0.4001 0.4002 0.5998 0.5999 .6 0.6001 0.6002
1 1 1f
5 0.5 5 05 I \ O 05
” ” \ I \ I ” \ I \ I
0 0 0
03 ou 05 06 0.7 0.3998 0.3999 .4 0.4001 0.4002 0.5998 0.5999 .6 0.6001 0.6002
2 2 ATl cdnditions 2 All cdnditions
» safjisfied, » saflisfied,
% 15 % 15 transitiop complete é 15 transitiop completed
Z P4 Z
B
1 A -~ 1 1
0.3 0.4 0.5 0.6 0.7 0.3998 0.3999 0.4 0.4001 0.4002 0.5998 0.5999 0.6 0.6001 0.6002
Time, s Time, s Time, s

(a) (b) (c)

Figure 7. Sequence diagram for proving the proposed transition algorithm: (a) Transition between
SHEPWM and SHMPWM,; (b) Zoom A of the transition from SHEPWM to SHMPWWM,; (¢) Zoom B of
the transition from SHMPWM to SHEPWM.
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According to Figure 7b,c, the transition time is so short that it ensures the power system quickly
completes the transition process. Then, the efficiency of the 3L-NPC inverter can be improved
since the transition process is quick and SHEPWM and SHMPWM have lower switching frequency.
The concept of proposed transition algorithm is relatively simple to implement but works well,
as proved by the simulation results.

4.2. Analysis of Output Voltage and Current

Figure 8 shows the simulation results of the output voltage and current between SHEPWM
and SHMPWM. It can be found from the zoom A in Figure 8b and zoom B in Figure 8c that there was
no sudden change of current during the transition, as expected.

) SHE SHM = SHE g SHE ) SHM ) SHM ) SHE
% % 5000 % 5000
> = >
5 ARGRLL
A (111111111 s o
g g -5000 E 5000
o 03 04 0.5 0.6 0.7 o 0.38 0.39 04 0.41 0, 42U 0.58 0.59 0.6 0.61 0.62
.g 2000 g 2000 E‘: 2000
e T R e I B - et NN 48 N A
3 0 3 0 3 0
5 oo RVATATVRATATACHVAVATATAN s N V4 NI VA W N V4 N/
£ OO £ TN A ZE I e AN
5 0.3 0.4 0.5 0.6 0.7 5 0.38 0.39 04 041 0.425 0.58 0.59 0.6 0.61 0.62
& )(104 o Xll‘: ° x10
g ya ey el ana] £ ey £ oy
RN I L AN | AN
g’, 1‘!%”“1,!!1!11” frvve '% 1 gl E‘ 1 Tl o]
E 03 04 0.5 0.6 0.7 E 0.38 0.39 04 0.41 0. 425 0.58 0.59 0.6 0.61 0.62
;::'j 500 4414 A8 a4 s nna PP ;::': 500 T ~ ;ﬁ‘: 500
E

T T T T A v A v -y AN 4 AN 4
E‘ 500 L. + U ¥ UU ¥ UUU UUU t E‘ -500 \‘u.r/ \ / .:‘ 500 \\- / \\f/
5 L llea T 5« 5 5

0.3 0.4 0.5 0.6 0.7 0.38 0.39 0.4 041 0.42 0.58 059 0.6 0.61 0.62

Time, s Time, s Time, s
(a) (b) (0)

Figure 8. Simulation results of output voltage and current between SHEPWM and SHMPWM:
(a) Transition between SHEPWM and SHMPWM; (b) Zoom A of output voltage and current from
SHEPWM to SHMPWM,; (¢) Zoom B of output voltage and current from SHMPWM to SHEPWM.

Simulation results of SHEPWM and SHMPWM at the converter side and at grid side are presented
in Tables 4 and 5, respectively. It can be seen that the simulation results of the voltage of SHMPWM
all met the requirements of the grid codes EN 50160 and CIGRE WG 36-05 and were better than
the simulation results of the voltage of SHEPWM. The simulation results of the current of SHEPWM
were better than the simulation results of the current of SHMPWM. In this case, these two PWM
methods needed to be selected according to the specific voltage and current requirements, which is
also the one of the main points of this paper. Simulation results of SHEPWM and SHMPWM at
the converter side.
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Table 4. Simulation results of SHEPWM and SHMPWM at the converter side.

SHEPWM SHMPWM
Harm. Order Harm. Limits (%)
Voltage (%) Current (%) Voltage (%) Current (%)
5 6 0.35 v 0.24 - 0.3 v 0.25 -
7 5 0.06 v 0.07 - 3.37 v 2.19 -
11 35 0.08 v 0.07 - 2.43 v 1.04 -
13 3 0.5 v 0.12 - 1.68 v 0.81 -
17 2 0.42 4 0 - 1.85 4 0.21 -
19 15 0.36 v 0.04 - 0.55 v 0.01 -
23 15 0.58 v 0.02 - 0.02 v 0.01 -
25 15 0.28 v 0.03 - 0.75 v 0.18 -
29 1.32 0.46 v 0.03 - 0.54 v 0.18 -
31 125 0.14 v 0 - 0.01 v 0.02 -
35 1.13 0.38 v 0.03 - 0.05 v 0.04 -
37 1.08 0.55 v 0.03 - 0.67 v 0.03 -
41 0.99 0.36 v 0.01 - 0.21 v 0 -
43 0.96 0.35 v 0.01 - 0.18 v 0.03 -
47 0.89 17.8 X 1.11 - 0.09 v 0 -
49 0.86 11.14 X 0.67 - 0.4 v 0.02 -
THDy 8 2.06 v 0.7 - 5.08 v 2.65 -
THDs, - 21.1 X 147 - 5.1 v 2.65 -

Table 5. Simulation results of SHEPWM and SHMPWM at grid side.

SHEPWM SHMPWM
Harm. Order =~ Harm. Limits (%)

Voltage (%) Current (%) Voltage (%) Current (%)

5 6 0.08 v 0.24 - 0.06 v 0.25 -

7 5 0.01 v 0.07 - 0.73 v 2.13 -
11 3.5 0.02 v 0.07 - 0.53 v 1.01 -
13 3 0.11 v 0.12 - 0.37 v 0.79 -
17 2 0.1 v 0 - 0.4 v 0.2 -
19 15 0.08 v 0.04 - 0.12 v 0.01 -
23 15 0.13 v 0.02 - 0 v 0.02 -
25 15 0.06 v 0.03 - 0.16 v 0.18 -
29 1.32 0.11 4 0.03 - 0.12 4 0.18 -
31 1.25 0.03 v 0 - 0 v 0.01 -
35 1.13 0.09 v 0.03 - 0.01 v 0.04 -
37 1.08 0.12 v 0.03 - 0.14 v 0.03 -
41 0.99 0.08 v 0.01 - 0.04 v 0 -
43 0.96 0.08 v 0.01 - 0.04 v 0.03 -
47 0.89 4.06 X 1.08 - 0.02 v 0 -
49 0.86 2.54 X 0.65 - 0.08 v 0.02 -
THDyg 8 0.47 v 0.69 - 1.11 v 2.58 -
THDs - 4.81 v 1.44 - 1.11 v 2.58 -

5. Conclusions

This paper proposed a flexible space-vector-based HPWM transition algorithm applied in 10 kV
grid with a 3L-NPC inverter. The concept of proposed transition algorithm is relatively simple to
implement but works well, as proved by the simulation results. The fast and smooth transition
process is realized and there is no sudden change of current during the transition, as expected, which
makes this hybrid PWM technique suitable for the grid-connected inverters. Further, the efficiency
of the grid-connected inverters can be improved since the transition process is quick and SHEPWM
and SHMPWM have lower switching frequencies. Furthermore, this hybrid PWM technique is universal
and can be applied to other different PWM methods based on the specific operating conditions.
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