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Cascaded multilevel three-phase inverters are commonly used in industrial applications and
the quality of these inverters is highly dependent on the modulation techniques. The common
mode voltage is one of the factors affecting the quality of the three-phase inverter output
voltage. This paper proposes a carrier phase modulation method for cascade multilevel
inverters to reduce the magnitude of common-mode voltage magnitude and harmonics. In the
proposed method, the carrier phase modulator is considered as an adaptive controller and the
phase of carrier is completely controlled by the magnitude of control signal. The phase
modulation has a high immunity to the noises compared with the modulations of frequency
and amplitude because it is difficult for moises to intrude into the phase of carrier. In
addition, the algorithm of carrier phase modulation is simple and requires little memory.
Moreover, the mumber of switching commutations of the proposed method also reduces
significantly. Simulation and experiment results based on a cascaded five-level three-phase
inverter system have confirmed the effectiveness of the proposed method compared with that
of the popular methods using unmodulated carriers such as phase disposition (PD) and phase
opposite disposition (POD).

Keywords: Carrier modulation; cascaded multilevel inverter; common-mode voltage; total
harmonic distortion; phase disposition.

1. Introduction

Cascaded multilevel three-phase inverters (CMIs) have been widely used in industrial
fields [1]-[6] due to their ability to withstand high voltage and large capacity applications
[7], [8]. Particularly, in the grid-connected converters and active power filters, the
multilevel inverters are capable of withstanding voltage shock when disconnected or
connected to the grid. In addition, they are capable of offering a sinusoidal output voltage
and lower transistor voltage shock which makes devices more durable [9]-[11]. However,
the higher the number of levels, the more power devices must be used. Then, the higher
the probability of error is. Moreover, the power quality of the inverter output voltage is
highly dependent on the modulation technique. There are many groups of modulation
commonly used. These are the space vector modulation techniques [12] and the level
comparison techniques of sinusoidal pulse width modulation (SPWM) using the carriers.
In the space vector modulation techniques, the number of states increases significantly
according to the level of inverters [12]. Thus, this requires the powerful and expensive
hardware. In the existing SPWM methods, the control signal is compared directly with the
carriers [13]-[16] by using the comparison of levels. Therefore, these methods are simple
and do not need the powerful hardware. However, the independence between the control
signal and the carriers makes the carriers uncontrollable by any quantity. Furthermore, the
common modulation techniques such as: phase disposition (PD) and phase opposite
disposition (POD) are commonly used in the CMIs and use the constant carriers [17].
These carriers do not contain any information of the control signal. Therefore, it is very
difficult for the modulator to reproduce the inverter output voltage as expected. This is
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even more evident for the high-power inverters that often use the low-frequency carriers
to reduce switching losses. Moreover, the existence of common mode voltage (CMV) in
the CMIs is unavoidable. However, the high magnitude of the CMV is the factor
adversely affecting the long life of the electric motors connected to the inverters. The
CMYV also causes high frequency noise and motor leakage current to affect the electrical
equipment working near the motor [18], [19]. For grid-connected transformer-less
inverter systems using renewable energies [20], the CMV generates the leakage currents
and injects the harmonic currents into the power grid.

There are many proposed solutions to improve the quality of inverter output voltage
using the strategies to reduce CMV [21]-[25]. However, the increase of the carrier
frequency causes the memory size and switching loss to increase. The CMV suppression
methods in [26], [27] are used for neutral point clamp inverters and space vector
modulation. They have not been used for the CMIs. Similarly, the techniques in [28]-[30]
using the control signals and the carrier frequency modulation have also not been applied
for the CMIs. In addition, these techniques require a powerful and expensive hardware.
This also causes difficulty to implement in reality due to the limits of common power
devices. The method in [31] using the control signal modulation has not considered the
effects of the CMV.

The technique of carrier phase modulation has been widely used in communications
[32]-[38]. In this technique, the phase of carrier is modulated according to the control
signal magnitude. Then, these carriers are called the phase modulated carriers. The
advantage of this technique is that it is efficient in reconstructing the information of the
control signal. However, this technique has not been used in the modulation for the CMIs.
The adaptive transformation of the carrier phase according to the amplitude of the control
signal makes switches easily reproduce the control signal at the output of the inverters.
This can also help the low-frequency carriers improve the power quality of the inverter
output voltage.

In most CMISs, the PD and POD techniques [17], [39], [40] use the constant carriers in
the modulation. This paper proposes a carrier phase modulation (PM) method to reduce
the CMV magnitude of the CMIs. In the proposed method, the phase of the carrier is
modulated according to the control voltage amplitude for each phase. The lower CMV
magnitude of the PM method helps reduce the total harmonic distortion (THD) of the
inverter output voltage. The simulation and experimental results are performed based on a
cascaded five-level three-phase inverter system. To evaluate the effectiveness of the
proposed PM method, the quantities of this method such as the CMV and THD are also
considered when compared with the those of the PD and POD methods. Furthermore, the
general control formulas are also presented for the n-level inverters.

A model of the cascaded five-level H-bridge three-phase inverter is described in
Section 2. The unmodulated carrier approach is also presented in Section 3. The carrier
phase modulation method is presented in Section 4. The results of simulation and
experiment using the TMS320F28379D DSP kit for the methods of PM, PD and POD are
presented in Section 5 with different magnitude values of the control signal. The
effectiveness of the PM method is concluded in Section 6 when comparing the results of
the three methods.

2. Five-level inverter model

The structure of a cascaded 5-level H-bridge three-phase inverter is shown in Figure 1.
Where S,; is the state ON/OFF of the switches as (1) with the phases x = a, b, c. The
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switches S,; are for the top switches and S’; are the bottom switches of the H-bridge,
respectively.
Syj+ S’y =1; withj = 1+4 (1)
Table 1. Switching states of phase A

n | Sal | Sa2 |Sa3 |Sa4 | Output
voltage
110 1 0 1 -2Vdc
210 1 010 -Vdc
310 0 ]0 |0 0
41 1 0 ]0 |0 +Vdc
511 0 1 0 +2Vdc
Va Vi Ve
SalJ I Ijb ch
+ L
= Ve
R R R
S’aj
N
(b)
Vref
Sa Su | gglill >
i
IX
_i- V + Sy
T. Y Lx; N
Carrier +
S N 0 —O—
a3 o t
J J generator | v (f)

(a) (c)

Figure 1.  Structure of inverter (a) One-phase diagram of 5-level H-bridge 3-phase
inverter (b) 3-phase load (c) Control principle of inverter.

—G(t)|]

0 0.005 0.01 0.015 0.02
Time (seconds)

Figure 2. The quantization signal L.
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The switching states of switches for phase A are described in Table I. Where the number
of inverter levels is 5 and the dc voltage sources are the same, 5 levels of output voltage are
2Vies -1V, 0, +1V 4., and +2V ., respectively.

V. ()=E_sin(a,t); @, =27f, 2

G(1) =(Vy (D) +1)=*=(n 2_ lj 3)

n—-2 if G(t)=n-2
fix(G(t)), others

When V,((t) is the control signal with the magnitude from -1 to +1 and defined as (2).

Where E,, (pu) is the magnitude of the control signal. Then, G(t) is the normalized control

signal to make it appropriate for the number of levels as (3). L, is the quantization level
and showed in Figure 2. Where 0<L,<n-2 is the integer part of G(t) and defined by (4).
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Figure 4. Modulation methods with f,,=50 Hz, Ac=1 and fc=1 kHz

A high frequency carrier is described as follows.

e(t) =A cos(at+¢), o =2xf, (5)
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Then, the unmodulated carrier c(t) is as (6) and showed in Figure 3(a) with the phase
¢=0, A.=1, and the f.=1 kHz. These carriers are also normalized in Figure 3(b). Then, the
spectrum of these carriers in Figure 3(c) showed that the THD value is 12.34% in Figure
3(c). In addition, the individual harmonics concentrate on the frequency 1 kHz. This makes
the magnitude of the individual harmonic significantly high.

c(t) =£sin’1 (e(v) =2sin’1 (A, cos(a,t+9)) (6)
V.4 V.4
V(1) = max(c(t))-l—lc(t) A
max(c(t))+min(c(t))

The unmodulated carriers in Figure 3, (6), and (7) have also shown that they do not
contain any information of the control signal V. Therefore, it is very difficult to reproduce
the control signal at the inverter output.

The methods using these unmodulated carriers such as PD and POD are also shown in
Figures 4(a)-(b). Where the unmodulated carrier frequency is 1 kHz. Then, the common
mode voltages of these methods are calculated as follows.

VCM=Va+vb+vc )
3
The common mode voltages in Figure 5 have showed that the CMV magnitude of PD
method in Figure 5(a) is equal to +2V4/3. This CMV magnitude value is twice as high as
that of the POD method in Figure 5(b).
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Figure 5. Common mode voltages (a) PD modulation (b) POD modulation

4. Proposed phase modulation of carriers

The phase modulation method of carriers is based on the control signal magnitude V..
From e(t) in (5), when the phase angle ¢ changes according to the magnitude of V. We
can obtain the phase modulation as follows.

e () =A, COS[C()CI + pr A\ (t):| 9

m

With angle 6 = @,t+ pr V(1) (10)

m

Then, the phase modulated carrier will be defined as follows.

m
Cop (1) =%sin"l [AC cos{wat+ pr Vre[(t)D (11)

m

Where m,, is the phase modulation index according to the magnitude of Vref. The PM
carriers are also normalized as follows.

max(Cpy,; (1)) +Cpy (1)
max(Cpy, (1)) + min(cy, (t))

12)

orm (D =

The PM carriers in Figure 6 with m,,=10 have the THD as 11.4% in Figure 6(d) and
lower than that of unmodulated carriers in Figure 3(c). Moreover, the spectrum spread in
Figure 6(d) helps significantly reduce the magnitude of individual harmonics. This also
helps reduce the acoustic noise of the inverters used for military and telecommunications.
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Figure 9. CMYV of the PM method
The PM carriers with different values of m,, are showed in Figure 7. In addition, the

change of the angle 0 for PM carriers is also showed in Figure 8.
G
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Figure 10. The switching pulses in one fundamental period with E,=1, f.=1 kHz, and

f,=50 Hz, (a)-(b) PM with m,,=10 (c)-(d) PD

The waveforms of the phase voltages in Figure 9 have showed that the CMV
magnitude when using the PM carriers is equal to V4/3. This magnitude value is similar
to that of the POD method in Figure 5(b).
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In addition, the number of switching commutations of the PM method in Figures 10(a)-
10(b) is 20 in each fundamental period of each phase, while that of the PD method in
Figures 10(c)-10(d) is 22. Thus, the number of switching commutations of the PM
method can reduce by 10% compared with that of the PD method. This can also help
improve the efficiency of the inverters.

5. Results and discussion

The principle diagram of the simulation system is showed in Figure 11. Where the
control signal V,(t) consists of three phases with the magnitude E,,. The block Wrap,
Wrap_to_zero in Simulink with the threshold of 0.02 s, is used to combine with the block
Counter for counting the number of switching commutations in each fundamental period.

The system parameters used for simulation and experiment are showed in Table 2.

Table 2. System parameters

Symbols Parameters Value
R Load resistor 45 Q
L Load inductor 50 mH
Ts  Sample time 20 ps
Tp  Dead time 2 us
f. Carrier frequency 2.5kHz
m,, Phase modulation index 2
Vs  DC source voltage 60 V

¥

Vref(t)
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PM carriers
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5.1. Simulation
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Figure 12.  Phase voltage, line-line voltage V,, THD of V,, CMV, phase current, and
THD of phase current when E, =1 (a)-(f) PM (g)-(1) PD (m)-(r) POD.
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The simulation results of three methods, PM, POD, and PD are showed in Figures 12-15
with different magnitude values of E,,, in per unit (pu). The quantities such as phase voltage,
line-line voltage V,, spectrum and THD of V,,, common mode voltage, phase current, and
THD of phase current are shown in these figures from the top to the bottom respectively.

When the magnitude of E,;, as 1 pu, the line-line voltage THD values of three methods in
Figures 12(c), 12(i), and 12(0) are as 22.37%, 17.18%, and 22.54%, respectively. Thus, the
line-line voltage THD value of the PD method is the smallest value and its CMV magnitude
is the highest value and as 2V /3. While the CMV magnitude of the methods PM and POD
is as Vy/3. However, the voltage THD value of the PM method in Figure 12(c) is slightly
lower than that of the POD method in Figure 12(0). In addition, the individual harmonic
magnitude of the PM method near the frequency of 2.5 kHz is lower than 20% while that of
the POD is higher than 20%. This has also helped increase the fundamental voltage
magnitude of the PM method as 207.97 V, higher than that of the POD as 206.98 V. This
also leads to the fundamental current magnitude of the PM method as 2.52 A in Figure
12(f), slightly higher than that of the POD method as 2.50 A in Figure 12(r).
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Figure 13. Phase voltage, line-line voltage Vab, THD of Vab, CMV, phase current, and
THD of phase current when E,,=0.8 (a)-(f) PM (g)-(1) PD (m)-(r) POD.

Similarly, when the magnitude of E,, as 0.8, the line-line voltage THD values of three
methods in Figures 13(c), 13(i), and 13(o) are as 36.0%, 21.6%, and 36.2%, respectively.
The individual harmonic magnitude of the PM method near the frequency of 2.5 kHz in
Figures 13(c) is lower than 30% while that of the POD is higher than 30% in Figures 13(0).
The phase current waveforms of three methods are also shown in Figures 13(e), 13(k), and
13(q), respectively. Moreover, the fundamental current magnitude of the PM method in
Figure 13 (f) is 2.01 A, higher than that of the POD method in Figure 13(r) as 1.99 A.
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When the magnitude of E;, as 0.1 pu, the line-line voltage THD values of three
methods in Figures 14(c), 14(i), and 14(o) are as 219.76%, 184.79%, and 251.47%
correspondingly. Thus, the line-line voltage THD value of the PD method is still the
smallest and its CMV magnitude in Figure 14(j) is still the highest. The CMV magnitudes
of the PM and POD methods in Figure 14(d) and Figure 14(p) are still as V4./3. Similar to
the results mentioned in Figures 12-13, the voltage THD value of the PM method in
Figure 14(c) is still lower than that of the POD method in Figure 14(o). This also leads to
the fundamental current magnitude of the PM method as 0.248 A in Figure 14(f), slightly
higher than that of the POD method as 0.222 A in Figure 14(r).

The THD values of the line-line voltage V,, and the phase current according to
different values of the magnitude E,, are showed in Figures 15(a)-15(b). Moreover, the
weighted THD value versus the magnitude E,, is also surveyed in Figure 15(c). This has
validated the robustness of the PM method for different load types of inverters.

Therefore, the CMV magnitude of the PM method is equal to that of the POD.
However, the voltage THD value of the PM method is always lower than that of the POD
method.

In addition, the number of switching commutations in each fundamental period of one
phase is also showed in Figure 15(d). This result has also showed that the number of
switching commutations of the PM method significantly reduces compared with those of
the PD and POD methods. This helps the PM method reduce switching loss and improve
the efficiency (Lf the inverters.
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Figure 16. Phase voltage, line-line voltage Vab, THD of Vab, CMV, phase current, and
THD of phase current when Em=1 (a)-(f) PM (g)-(1) PD (m)-(r) POD.

The experiment results in this paper are based on a 32-bit fixed-point
TMS320F28379D DSP platform. The measurements and waveforms were taken with the
Tektronix MSO-2024B oscilloscope in the waveform data. Then, these data are used for
plotting and FFT analysis by using tools of MATLAB and showed in Figures 16-18.

Similar to the simulation, the experiment results are also surveyed with different values
of control signal magnitude.

Figures 16(a)-16(f) have showed the experiment result of the PM method when E,; as 1
has the voltage THD as 31.9%, while those of the PD and POD are 22.6% and 36.7% in
Figures 16(g)-16(1) and Figures 16(m)-16(r), respectively. Thus, the voltage THD value
of the PM method is lower than that of the POD method. In addition, the individual
harmonic magnitude near the frequency of 2.5 kHz in Figure 16(c) of the PM method is
lower than 30% while that of the POD in Figure 16(0) is higher than 30%.
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Because the dc voltage sources in the reality of the experiment are not the same value
as 60 V, the fundamental voltage magnitude values in Figures 16(c), 16(i), and 16(0) are
about 190 V. These values are slightly lower than those of the simulation results in
Figures 12(c), 12(i), and 12(0) about 207 V, respectively. This makes the fundamental
current magnitude values in Figures 16(f), 16(1), and 16(r) about 2.3 A and lower than
those of the simulation in Figures 12(f), 12(1), and 12(r) about 2.5 A, respectively.
However, the phase current THD of the PM method in Figure 16(f) is as 1.84%, still
lower than that of the POD method in Figure 16(r) as 2.56%, although the CMV
magnitudes of these methods in Figures 16(d) and 16(p) are the same as V4./3.
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Figure 17. Phase voltage, line-line voltage Vab, THD of Vab, CMV, phase current, and
THD of phase current when E,,=0.8 (a)-(f) PM (g)-(1) PD (m)-(r) POD.
When E,; as 0.8 pu, the experiment results of the PM method are showed in Figures 17(a)-
17(f). Those of the PD and POD methods are showed in Figures 17(g)-17(1) and Figures
17(m)-17(r), respectively. The voltage THD values of the three methods are 42.1%, 35.0%,
and 44.2%, correspondingly. Similarly, the phase current THD values of these methods are
2.35%, 1.28%, and 2.47%, respectively. The CMV magnitudes of the PM and POD

methods in Figures 17(d) and 17(p) are still the same as V4./3 while that of the PD in Figure
17() is still as 2*%V4/3.
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Figure 18.  Phase voltage, line-line voltage Vab, THD of Vab, CMV, phase current, and
THD of phase current when E =0. 1 (a)-(f) PM (g)-(1) PD (m) (r) POD.
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Figure 19. THD values versus the different magnitudes of E,

The experiment results in Figure 18 of three methods have also showed that the voltage
THD value of the PM method is lower than that of the POD method. The current THD
value of the POD is also higher than that of the PM method.

In addition, the THD values of the line-line voltage V,, and the phase current according
to different values of the magnitude E,, are also showed in Figures 19(a)-(b). Moreover,
the weighted THD value versus the magnitude E,, is also surveyed in Figure 19(c).
Therefore, the CMV magnitude of the PM method is equal to that of the POD. However,
the voltage and current THD values of the PM method are always lower than those of the
POD method while these methods offer the same CMV magnitude.

6. Conclusion
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This paper has proposed a carrier phase modulation method for the cascaded multilevel
three-phase inverters. The phase of carrier in the proposed method is simply modulated
according to the control signal magnitude. The PM carriers contain the information of the
control signal. Thus, these carriers help easily reproduce the entire control signal at the
output of inverters. This method also helps increase the inverter output fundamental
voltage magnitude. Then, the inverter efficiency is also increased. The voltage and current
THD values and the CMV magnitudes have been evaluated quantitatively. The proposed
method does not require more any hardware.

In addition, the number of switching commutations of the PM method is lower than
those of the PD and POD methods. This helps decrease the switching loss and improve
the efficiency of inverters.

The simulation and experiment results based on the system of a cascaded 5-level three-
phase inverter have also validated the effectiveness of the proposed PM method compared
with that of the PD and POD methods using unmodulated carriers.
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