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ABSTRACT

Multilevel inverters are becoming prevalent due to their remarkable attributes, including their ability to
withstand high voltage shocks and accommodate high capacity. As a result, they find extensive applications
in grid-connected inverter systems utilizing photovoltaic (PV) panels and electric drive systems for electric
motors. However, their power quality is heavily reliant on current controls and inverter modulation
techniques. Conventional modulation methods typically employ fixed frequency carriers for inverter
modulation, lacking inherent control signal information. In response to this challenge, this study proposes
a novel modulation method for grid-connected multilevel inverters utilizing frequency and phase-
modulated carriers. The study findings demonstrate the effectiveness of the proposed approach in the
nominal operation, showcasing a reduction in Total Harmonic Distortion (THD) by 15.92% and a 48.5%
decrease in the highest individual harmonic amplitude compared to the conventional method using the
modulation of phase opposite disposition. Moreover, the switching count is also decreased by 26.37%.

Keywords-cascaded multilevel inverter; phase opposite disposition; switching count; total harmonic distortion;

individual harmonic

I. INTRODUCTION

The growing popularity of renewable energy stems from
their environmentally friendly attributes and increasing cost
competitiveness [1]. Wind turbines and photovoltaic (PV)
panels now play a key role in addressing climate change,
reducing pollution and ensuring long-term energy sustainability
[2]. However, the power of these sources depends heavily on
weather conditions. To serve as an efficient power source,
seamless integration into the grid is important, achieved
through inverters [3]. Multilevel inverters offer many benefits,
including reduced Total Harmonic Distortion (THD), increased
voltage and power, and improved efficiency. In general, these
advantages enhance the overall performance of the system [4,
5]. These inverters find application in renewable energy
systems, high voltage transmission, motor drives and electric
vehicles, effectively addressing complex energy conversion
needs. Multilevel inverters, which are especially popular, play
an important role in grid-connected energy systems by
efficiently converting dc sources into ac sources compatible
with the power grid. Their popular adoption is due to their
ability to integrate smoothly into the grid, enhancing energy
output, and promoting sustainable electricity production [6-8].
Because the demand for energy-saving and environmentally
friendly solutions is increasing, their popularity is expected to
continue to expand [6, 7, 9-12]. However, the power quality of
multilevel inverters depends much on the modulation
technique. In particular, significant Common Mode Voltage
(CMV) magnitude has a detrimental impact on the power

quality of grid-connected inverter systems, leading to the
generation of grid leakage currents and harmonics [13]. Several
methods are available for modulating multilevel inverters, with
the main options being the Sinusoidal Pulse Width Modulation
(SPWM) and the space vector modulation [14-17]. SPWM is
more efficient as the number of levels increases. Different
techniques include Phase Disposition (PD), Phase Opposite
Disposition (POD), and Alternating Phase Opposite
Disposition (APOD) [18-20], each with its advantages and
disadvantages. However, the POD exhibits the ability to
generate a CMV magnitude lower than that of the PD. The
POD technique is more widely applied due to its simplicity and
efficiency. However, this method usually uses a carrier wave
with a fixed frequency for modulation. Thus, these carriers do
not contain any information about the control signal. On the
contrary, in the field of telecommunications, there are many
modulation methods that rely on the information of control
signals to create carriers, such as amplitude modulation,
frequency modulation, phase modulation, and phase shift
keying technique. However, in the field of grid-connected
multilevel inverters, these techniques have not been applied
effectively. Techniques of frequency modulation, e.g. phase
modulation in [21], and phase shift keying in [22], have been
shown to be effective in multilevel inverter modulation with
fixed R-L load. They have the ability to reduce common mode
voltage and reduce harmonics effectively similar to that of the
POD and APOD methods. However, in the field of grid-
connected multi-level inverters, these methods have hardly
been applied effectively. Meanwhile, the control quality of
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grid-connected inverters depends heavily on the current
controllers, phase locking loops and the variation of reference
power transmitted to the grid of the inverter system.

This article proposes a technique that combines frequency
modulation and phase shift keying for grid-connected
multilevel inverter systems. The proposed method's
effectiveness in spreading the spectrum over a wide range has
resulted in a significant reduction in the peak individual
harmonic amplitude. This will help reduce noise in
telecommunications and military equipment. The current THD
and switching count of the proposed method are also
significantly reduced in comparison with those of the POD
modulation method.

II. GRID-CONNECTED INVERTER SYSTEM

In Figure 1, a 7-level 3-phase inverter system connected to
the grid is shown. The system employs the POD modulation
with the fixed carriers, reference current calculation, a current
controller, and a Phase-Locked Loop (PLL) for control.
Employing the current control method in the Synchronous
Rotating Frame (SRF), quantities like Iy, I;, V4, and V, are
transformed from the three-phase frame using the phase angle
(0) estimated by the PLL. Subsequently, the reference currents
injected into the grid in the SRF, namely l4rr and Ig.rs, are
calculated according to (1) based on reference powers, P,,; and

Qref-

|:Id—ref}: (2/3) |:V’1 _VQ:||:P”'f:|
1 q-ref de + qu Vq Vd Q’ of

Based on the error between the reference currents and the
actual measurements, the PI controllers fine-tune the reference
voltages, specifically Vs and V. These voltage values are
then transformed into their corresponding reference phase
voltages, denoted as Vietan.. The POD modulation method uses

these phase voltages as inputs, generating pulse signals for
switches.
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Fig. 1. The grid-connected multilevel inverter system.

The main circuit for one phase shown in Figure 2 displays
featuring 3 H-bridges utilizing IGBTs. Each arm of this
configuration comprises an upper switch, Sy;, and a lower
switch, Sy (where x represents the phases a, b, or ¢ and j
ranges from 1 to 6). The output voltage for each phase is
detailed in Table I, encompassing seven distinct levels. These
voltage levels are contingent upon the outputs Sy; as indicated
in the control principle illustrated in Figure 3. This control

method is also used and detailed in [21, 23].
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Fig. 2. Main circuit of cascaded 7-level 3-phase inverter.

4{%—» Ssj
+

Fig. 3. Control principle of the inverter.

TABLE L. SWITCHING STATES OF SWITCHES OF PHASE A
n Sau Sazl Sa31 Sa41 Sa51 Sa61 Olltpllt Voltage
1 0 1 0 1 0 1 -3Vie
2 0 1 0 1 0 0 2Vie
3 0 1 0 0 0 0 -V
4 0 0 0 0 0 0 0
5 1 0 0 0 0 0 +Vie
6 1 0 1 0 0 0 +2 Ve
7 1 0 1 0 1 0 +3 Ve

IlI. THE PROPOSED METHOD

The structure of the proposed method is shown in Figure 4.
The proposed modulation is based on the following analysis. In
the POD modulation method using carriers with the fixed
frequency and phase of a 7-level inverter, the waveforms of
phase voltage and current in Figure 5(a) show that the current
ripples significantly increase near the peak of the sinusoidal
signal. In addition, the spectrum is difficult to spread over a
wide range when using the fixed frequency carriers, because
the spectra focus on the multiple switching frequency (Figure
5(b)). This leads to increasing the highest individual harmonic
magnitude [21, 23]. Moreover, the rms value of current THD is
minimum when the current ripples are uniform throughout the
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sinusoidal period [24]. Therefore, the carriers need to be
modulated for the current ripples equally throughout the period.
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Fig. 4. The proposed method.
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Fig. 5. Seven-level inverter using POD method: (a) Phase voltage and

current waveforms, (b) spectrum of phase current for carrier frequency of 4.32
kHz.

A carrier with an amplitude V,, can be described as:
v(t) = Vmcos(a)t + (9) (@)

The carrier with fixed frequency used for the POD method
before normalization has a form as (5), where @ is 27f and s
the phase angle.

Y pod (= % sin'1 (v(t)) = %sin'1 (Vm cos(a)t + 9)) (&)

The control signal has a sinusoidal form and is described as
follows.

Vyer (1) = Vipay S (a)lt) ©6)

where V. is the magnitude of the control signal.

Using the control signal v,.(f) to vary the frequency of the
carrier v(f) helps obtain the frequency modulated carriers.
Then:

Ve )=V, 08| V0 () * 0,1 +6 ] 7)

orm

where v,,,,»(?) is a normal signal, defined as:

where L,, ms and C, represent the optional levels, frequency
modulation index, and period index, respectively. Then, we can
obtain the carrier after modulation as follows:

ey (1) =2 sin” (1,0 (0) ©)

Then, using the phase shift keying technique of [22], we
can obtain the result as follows:

¢, () =5@).cp0 (1) (10)
with:
+1if v, ()20
s(r)={ _ () (11)
-1 if Vref (t) <0
The carrier after normalization becomes:
Vo (1) = max(Gy (t)) + ¢, (1) (12)

max(cp, (1)) + min(c, (1))

The structure of the proposed method using the modulated
carrier is shown in Figure 6. The quantities F;, R,, and R, are
detailed in [23].

e |
; Ve

Modulated carriers

Fig. 6.
carriers.

The proposed control technique using the phase modulated

IV. RESULTS AND DISCUSSION

The system parameters are presented in Table II. There are
three intervals of time surveyed in this system. The time of
each interval is 0.3 s. In the first interval, 0-0.3 s, the reference
active power P.ris 20 kW and the reference reactive power
QOrris 0.0 Var. In the second interval, 0.3-0.6 s, Py is stepped
down to 10 kW while Q. is still 0.0 Var. In the third interval,
0.6-09 s, Py is still 10 kW while Q. is stepped from 0.0 Var
up to 10 kVar.

The simulation results of the two methods, based on a 7-
level 3-phase inverter system, are shown in Figures 7-14. The
waveforms of phase voltage A, phase current A, line-line
voltage, Vab, common mode voltage, and carriers for the POD
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method can be seen in Figure 8. The phase current waveform in
Figure 8(c) is multiplied by 7.7 to get a shape similar to the
shape of voltage to easily evaluate the current ripples.

TABLE II. SYSTEM PARAMETERS

Parameter Symbol Value

Grid source voltage V, 3*380 VAC

Grid source frequency fi 50 Hz

Resistor of the grid source R 0.01 Q

Inductor of the grid source L 0.02 mH

Inductor of filter L 1.5 mH

Resistor of L¢ R 0.01 Q

Capacitor of filter Ce 1 mF

DC voltage Vie 120V

Coefficients of current controller Ky Ki 0.15; 20

Frequency of carrier wave in POD Jfear 4.32 kHz

Center frequency fe 2.8 kHz

Frequency index my 8

Optional levels L, 0;5

Period index Cp 2/3

x10*
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Fig. 7. Waveforms of reference active and reactive powers.

Similarly, the values of the proposed method are shown in
Figure 9. The waveforms in Figure 8(c) show that the phase
current contains the higher ripples near the peak of the
sinusoidal signal. In addition, the switching count in a
fundamental period of the phase voltage is up to 182. The
CMYV magnitude in Figure 8(d) is Vdc/3, the same as that of the
proposed method in Figure 9(d).

On the contrary, the phase current waveform of the
proposed method shows smoothness in Figure 9(c) compared
to that of the POD method in Figure 8(c). The current ripples of
the proposed method are evenly distributed throughout the
fundamental period due to the modulated carriers in Figure
9(e). Moreover, the switching count of the phase voltage in
Figure 9(c) is only 134, lower than the 182 of Figure 8(c).
Thus, the switching count of the proposed method is reduced
by 26.37% compared to that of the POD method.

The 3-phase current waveforms in Figures 10-11 also show
the smoothness of the proposed method. The power ripples of
the current injected into the grid by the proposed method are
lower than those of the POD method (Figure 12). The
switching count of the two methods surveyed in 45
fundamental periods is shown in Figure 13. This shows the
ability to effectively reduce the switching count of the
proposed method in different operation modes of grid-
connected inverters.

400
300
200

__ 100

-100
(@) -200

-300

400 (a)

v

(A)

®) 2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (seconds)

—Phase voltage (V)
—Phase current (A)*7.7

©

-400
0.3

0.28

—Vab (V)
—Vem (V)

P A
G

0.29 0.3
Time (seconds)
POD carriers

©

$as 0.29 03
Time (seconds)

Fig. 8. Phase A waveforms of the POD method taken at the inverter

output and before the LC filter. (a) Phase voltage, (b) phase current, (c)

voltage and current waveforms zoomed in 0.28-0.3 s, (d) line-to-line voltage

and common mode voltage zoomed in 0.28-0.3 s, (e) fixed carriers zoomed in
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©
Additionally, the ability to reduce the current THD and
spread the spectrum over a wide range is shown in Figure 14.
’ The phase current THD values of the POD method in Figures
028 0.29 03 14(a)-(c) are 3.58%, 7.16%, and 5.03%, respectively. These
Time (seconds) values are higher than those of the proposed method (3.01%,
Fig. 9. Phase A waveforms of the proposed method taken at the inverter 5.93%, and 4.13%) as shown in Figures 14(d)-(f). Thus, in the

output and before the LC filter. (a) Phase voltage, (b) phase current, (c)
voltage and current waveforms zoomed in 0.28-0.3 s, (d) line-to-line voltage
and common mode voltage zoomed in 0.28-0.3 s, (e) fixed carriers zoomed in
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Fig. 10.  Three-phase current waveforms injected into the grid. (a) POD
method, (b) proposed method.
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Fig. 11.  Three-phase current waveforms injected into the grid zoomed in
0.26-0.32 s. (a) POD method, (b) proposed method.

nominal operation, the current THD value of the proposed
method in Figure 14(d) is reduced by 15.92% compared to the
POD method using the fixed frequency carriers.

Besides, the ability to spread the spectrum of the proposed
method reduces the highest individual harmonic magnitude in
Figures 14(d)-(f) as 1.0%, 2.3%, and 1.31%, respectively. The
spectrum of the POD method focuses on the multiple fixed
frequency of carriers. This leads to the highest individual
harmonic magnitude in Figures 14(a)-(c) up to 2.136%, 4.31%,
and 3%, respectively. Therefore, in the nominal operation, the
highest individual harmonic magnitude of the proposed method
is reduced by 48.5% compared to that of the POD method
using the unmodulated carriers.

V. CONCLUSION

Although the technique of carrier modulation has been
popular in telecommunications, it has not been used in grid-
connected inverters. The contribution of this article is the
analysis of the effects of the modulation carrier on the power
quality of the inverters. Then, a method using the control signal
to modulate the frequency of carrier and the technique of phase
shift keying to modulate the phase of carrier is proposed. The
results of the proposed method are compared with those of the
POD method using unmodulated carriers. The ability to spread
spectrum over a wide range is one of the advantages of the
proposed method.

www.etasr.com

Tran: Control of Grid-connected Inverter using Carrier Modulation



Engineering, Technology & Applied Science Research

Vol. 14, No. 4, 2024, 15422-15428 15427

(@)

(b)

©

@

Selected signal: 45 cycles. FFT window (in red): 1 cycles
F‘MHH'I‘H'
pi LA

50

IRIRIRIRIRTRIRTATRIAT
Yy

|IV'U\U||1|I||

0 0.4 0.2 03 0.4 05 06 07 08 0.9
Time (s)

Fundamental (50Hz) = 42.8 , THD= 3.58%

Signal mag.

N
o

PN
- o N

Mag (% of Fundamental)
o
o

Ui L et
10000 15000

...

it stbsains Mmhl \
000
Frequency (Hz)
Selected signal: 45 cycles. FFT window (in red): 1 cycles
r‘!‘\!'lﬁﬁlﬁﬁﬁ

h

3 M

50

E’ NI~AAIAAIIIIIIIw!‘nnf‘[h\;{”‘
3 i
° IRRIRIRIATA
» A IRIRIR
o (RARARRARARRAN
o 0.1 0.2 03 0.4 05 06 07 0.8 0.9
Time (s)
Fundamental (50Hz) = 21.38 , THD=7.16%
= X 4350
£4 Ya.31
)
H [
33 |
c
3
= 2 ‘
s
E ‘
o1 ‘
: ! \ I
0 H\Nu.mm. = wlﬂ\u "\\u bk \;M et
000
Frequency (Hz)
o Selected signal: 45 cycles. FFT window (in red): 1 cycles
‘@'HHH‘H!
) RARRAAANAN nmuw‘ I
g RAAARR I
£ | |
g
o (RARAARARAARAN
[ 0.4 0.2 03 0.4 05 06 07 08 0.9
Time (s)
Fundamental (50Hz) = 30.43 , THD=5.03%
3 X 4350
® Y 3.003
I=
©25
5
T 2
c
I
L1s
3
X1
g
= iy
0 (v ‘ il H‘ T T T
5000 10000 15000
Frequency (Hz)
50 Selected signal: 45 cycles. FFT window (in red): 1 cycles
e T TR Y )
E I TITITIITL T
s 0 AWVUVVVVVVVV VT
5 | AR AR AR A T
o ARRRRRARAAAAR
-50
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
S Fundamental (50Hz) = 42.77 , THD= 3.01%
g
5 2
£
315
T1.
3
“
s ¥0.995
R
20.5
H | “1 i ‘ N ‘ ‘ ‘ T
TR N TR 1 T R
0

5000 10000 15000
Frequency (Hz)

Selected signal: 45 cycles. FFT window (in red): 1 cycles

50
N R
g ‘ e AAI&F“T““‘A‘A““““‘“‘“‘A"
£ AAAAD | AR
= LN
2 °fli| R
(i AR R R R AR A RIRIRIRIR IR IR A
s | | AR AR AR R LR AR AARY
IR RN
-50
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
Fundamental (50Hz) = 21.38 , THD= 5.93%
© g4
7}
§
_ES
5 X2650
=0
S
X
o1
T Ll Lol
0 ‘thl\.\ I m\‘H \\\h“‘h\”“h‘”“‘ “‘V\ N R . b o
?__ 10000 15000
requency (Hz)
5 Selected signal: 45 cycles. FFT window (in red): 1 cycles
NN
) | i AAAAAARRRAARANS
< VARAARAANARAS
E N
T 0
Ly \ Vi I\ |
»n | IR IRRR AR AR AR AR
IAARRARARAARAN
-50
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
Fundamental (50Hz) = 30.82, THD= 4.13%
= 3
® g
@25
§
T 2
=
S
s X 2200
u“
© Y1.316
1
g
EUS ‘
il

.ul\. T m‘”” \h\l‘,u .

h\ sl \l
000 10000 15000
Frequency (Hz)

Fig. 14.  Spectra and THD of phase current. (a)-(c) POD method. (d)-(f)
proposed method.

The simulation results based on the grid-connected system
using cascaded 7-level 3-phase inverter have confirmed the
effectiveness of the proposed method compared with that of the
method using the POD modulation. The CMV, THD values,
individual harmonics, and the number of switching counts are
considered and evaluated quantitatively. In the nominal
operational mode, the proposed method helps to reduce the
current THD, the magnitude of the highest individual current
harmonic, and the switching count by 15.92%, 48.5%, and
26.37% respectively, compared with those of the POD method.
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