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ABSTRACT: Cascaded H-bridge multilevel inverters (CHB-MLI) are employed in a variety of
medium/high power applications. These inverters are known to inject unwanted harmonics into the
grid, which negatively affects the grid and connected loads. CHB-MLI topology can reduce many of
these harmonics by producing multiple output voltage levels and improves the fundamental
component using a suitable modulation technique. However, the CHB-MLI topology configuration
requires multiple isolated input sources which must be balanced either with the modulation technique
or with an additional method. This paper analyzes multi-carrier pulse width modulation (MC-PWM)
techniques for CHB-MLIs. In this study, two basic configurations of CHB-MLI symmetrical and
asymmetrical are reviewed, followed by their mathematical analysis. Also, this paper analyses multi-
carrier based sinusoidal pulse width modulation (MC-SPWM) and multi-carrier based third-harmonic
injected pulse width modulation (MC-THIPWM) techniques with phase-shifted (PS) and level-shifted
(LS) carrier arrangements for the CHB-MLI. Moreover, a simulation study has been conducted using
MATLAB Simulink to analyze the performance of MC-PWM techniques for the symmetrical and
asymmetrical type CHB-MLIs. The 7-level and 9-level CHB-MLIs were evaluated for the stated MC-
PWM techniques in terms of harmonics and fundamental components. In addition, discharging current
of all input sources was checked to verify the ability of all MC-PWM techniques to balance all input

sources.
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1. Introduction flying capacitor MLI (FCMLI) [14], and cascaded H-
bridge MLI (CHB-MLI) [15]. Among these MLIs, the

High-voltage (HV) converters are used in motor
CHB-MLI has acquired special attention in most

drives [1], static VAR compensators [2], renewable energy
systems [3], [4], high-voltage direct current (HVDC)

transmission and other similar applications [5-7]. The

topologies because of the modular structure and flexible

to generate any number of output voltage levels [16-18].

The CHB-MLI is easy to construct and highly
dependable. This inverter has either a symmetrical or
[19], [20]. The

traditional single-phase inverter generates two or three-
levels in the output signal, while MLIs can create multi-
asymmetrical

levels in the output signal. More levels supply a lower mode of operation

distortion and better-quality output signal. Moreover, the
MLI topology provides a precise control of the voltage
stresses on each switch [8]. Therefore, the MLI is more
suitable for medium/high voltage and high-power
applications. Although there are many MLI topologies
available [9-11], the most prevalent MLI topologies are
neutral point clamped MLI (NPC-MLI) [4], [12], [13],

symmetrical mode of CHB-MLI utilizes equal-amplitude
DC sources. In contrast, the asymmetrical form of CHB-
MLI uses the unique amplitude of various DC voltage
sources. Also, the asymmetrical form of CHB-MLI utilizes
power electronic (PE) than the
symmetrical type CHB-MLI [21]. All PE converters need
a suitable PWM technique for their operation.

fewer switches
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The main classifications of PWM techniques are low-
(HF)

techniques to control multi-level inverters [22], [23]. The

and high-frequency switching modulation
low-frequency (LF) modulation technique is more
suitable for the high-power converter in high voltage
applications like HVDC transmission. The nearest-level
modulation (NLM) and selective harmonics elimination
(SHE) methods are placed in this category [24], [25]. These
methods are efficient in reducing the switching losses.
The NLM method is also known as the staircase
modulation technique since it generates the nearest
possible level by comparing a sinusoidal reference with
carriers [26]. This method is suitable for implementing
with a larger number of modules. The converter's
performance diminishes, and total harmonic distortion
(THD) improves when fewer modules are obtainable with
this method [27]. This method was also combined with
the space-vector modulation technique to improve its
capability [28], [29].

Another LF method is the SHE method. In this method,
the solution of a set of non-linear transcendental
equations are the switching angles of the pulses which
turn ON/OFF the PE switches [30], [31]. The primary goal
of this method is to cut specific lower-order harmonics
from the output voltage/current waveforms. Also, this
method can control PE switches at the fundamental
frequency, which lowers the switching losses [32], [33].
The trigonometric terms are used in this method to

express harmonic components.

The number of equations increases because the
switching angles increase with the higher number of
modules. The authors of [30], [34-36] proposed many
equation-solving methods like the Newton-Raphson (NR)
method, particle swarm optimization (PSO), and genetic
algorithms (GA) to ease the calculation of the switching
angles. Regardless, it is challenging to solve these non-
linear equations for more modules. Moreover, output

signal and dynamic response are weak [30], [37].

The space vector PWM (SV-PWM) is also a LF
switching technique. This method is an addition to the
basic SV control technique with an expanded number of
vectors [38]. This method provides a higher voltage on the
AC side [39]. At the same time, it reduces the voltage and
current THD compared to the SPWM method. The
functional status of the switches can be described by
switching states for this method. Yet, it is very

complicated to decide the whole the vectors for more

modules in HV applications [40], [41].

The carrier-based modulation technique is considered
a HF modulation scheme. A single HF triangular carrier
wave is compared with the reference wave to generate
gate pulses [42]. It is also known as the SPWM technique.
It is simple and easy to implement and highly popular.

Some researchers [43-46] replaced the triangular
carrier signal with the other carrier signals to develop
new modulation techniques. In one technique, the
sinusoidal wave replaces the traditional carrier signal.
This method is known as sinusoidal-SPWM (S-SPWM).
This technique produced more harmonics with a lower
fundamental output voltage than the SPWM technique
[43]. The inverse sinusoidal carrier PWM (ISCPWM)
method is the other technique, which generates switching
pulses using an inverse sinusoidal carrier signal. This
method increases the fundamental component in the
output signal [43], [44], [46], [47]. Later it was changed to
frequency PWM
(VESPWM). Both methods require high computational

power digital hardware since it needs a smaller time step

the wvariable inverse sinusoidal

to generate a complex carrier signal [44]. These carrier
signals and modulation signals must be synchronized to
Another advanced carrier-based
PWM

proposed to overcome the

control harmonics.
PWM technique,
(UNPWM) [43],
drawbacks of SPWM and S-SPWM. It can increase the

essential component and reduce harmonics in the output

named UN-shape carrier

was

signal, though generating an UN-shape carrier signal is

not easy with digital controllers.

As in the conventional method, gating pulses result

from corresponding multiple carrier signals and
sinusoidal reference signals. The MC-PWM technique for
the MLI is an extension of this traditional technique. The
third harmonic injected PWM (THIPWM) method uses a
newly generated reference signal. This reference signal is
achieved by injecting the third-order harmonic into the

sinusoidal signal [48], [49].

Like the SPWM, switching pulses are produced with
the triangle and a new reference signal. In both (SPWM
and THIPWM) methods, HF carrier signal transfers the
LF harmonics to HF harmonics. The affordable filter can
decrease these HF harmonics to the accepted harmonic
limits suggested by the IEEE Std 519-1992. According to
IEEE Std 519-1992, the total voltage distortion (THD) limit
is 5% for the voltage 69 kV and below [50], [51].
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Furthermore, the fundamental element becomes lessened
in the output by the MC-SPWM technique regarding MC-
THIPWM. Therefore, MC-SPWM reduces the inverter's
efficiency [52].

There are two ways to arrange carrier signals in the
MC-PWM method: phase-shifted (PSPWM) or level-
shifted (LSPWM). In the PSPWM, the phase of the one
the other

horizontally. In contrast, one carrier signal shifts the other

carrier signal displaces signal's phase
vertically in the LSPWM. Moreover, the carrier signals are
placed as alternate-phase-disposition (APOD), in-phase-
disposition(IPD), and phase-opposition-disposition(POD)

[53-57].

This paper investigates the behavior of a 7-level and 9-
level 3-phase symmetric/asymmetric CHB-MLI using
MC-based SPWM and THIPWM methods for all carrier
signal arrangements. This paper is arranged as follows:
Section 2 introduces an H-bridge inverter. Section 3
presents the CHB-MLI topology. The MC-based PWM
approach is illustrated in Section 4. Similarly, the
execution for the symmetric and asymmetric types of
CHB-MLI is presented in Section 5. Then, a qualitative
analysis and numerical examination of both kinds of
CHB-MLI using different MC-PWM is produced,
employing MATLAB/Simulink simulations.

2. H-bridge inverter

The traditional low voltage (LV) inverter (voltage
source inverter (VSI)) is a 1-phase, which produces two-
level in the output, which is used for LV applications. A
classic configuration of a 1-phase H-bridge (HB) inverter
is shown inside the orange square in Figure 1. This VSI is
simple and effortless to run. A suitable control method
can be used with this VSI to generate the 3-level signal in
the output. There are 4-switches used to form 2-legs of the
HB. The 3-phase inverter (shown in Figure 1 inside the
blue box) has 6-switches to build 3-legs for phases A, B &
C respectively.

3-phase

Single-phase

Figure 1: 1-phase and 3-phase VSI [58]

v, = e (sin(wt) + gsin(3wt) + isin(Swt) + ) (1)

T

Where: V. is a DC voltage

The peak of the fundamental element is shown in Eq.
(2), and the value of the root mean square (RMS) signal is
expressed in Eq. (3).

4V q

Vol_peak =—= 127V, (2)

T

v _ Voip _ 2\/§Vd
ol.rms — Ne -

~ 0.9V, 3)

Where: V1 pear is the highest value of the produced
voltage

Vo1 rms 1S RMS voltage
3. Configuration of cascaded h-bridge inverter

The applications of HV cannot use 1-phase LV
inverters since the restricted voltage blocking capacity of
Therefore, the CHB-MLI
topology is fitting for these types of applications. Figure 2

semiconductor switches.
illustrates the 3-phase CHB-MLI. This configuration uses
several HB modules/cells connected in series to produce
an enhanced AC output voltage with lower harmonic

contents.

Based on the DC source configuration, there are two
ways to implement the CHB-MLI symmetrical or

asymmetrical configurations.

Figure 2: 3-phase CHB-MLI [58]

3.1. Symmetrical configuration

The symmetrical design of CHB-MLI uses multiple
isolated DC sources with identical amplitudes. Similarly,
a CHB-MLI with 3-series connected cells uses isolated DC
input sources of the same amplitudes to produce a 7-level
output signal. These 7-levels are measured as 0, +E, +2E,
and +3E. Usually, the following equation is used to decide

the number of levels in this configuration:

M= QH+1) 4)
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Where "M" describes the maximum levels in the
output signal and "H" relates the number of HB cells per
leg.

3.2. Asymmetrical confiquration

The asymmetrical type CHB-MLI uses various scale
isolated DC sources. Each cell produces 3-different
voltage levels in this sort of structure. Therefore, the
highest voltage levels depend on the DC sources' peak
value. There are binary and trinary systems to figure out
DC levels in a CHB-MLI In the binary method, it uses
Vaer = E, Vyeo = 2E, and V5 = 4E. This sequence of input
amplitudes of voltages results in 15 levels in the phase-
voltage of CHB-MLI. Eq. (5) denotes the output voltage-

level in this design.
M = (21t — 1) )
In trinary method, all input sources are set as: V. =
E, V42 = 3E, and V3 = 9E. This configuration produces
voltages with 27-levels in the output phase signal. Eq. (6)

expresses the upper limit of output signal levels.
M=3H" (6)
4. Mathematical analysis
In a CHB-MLYI, the voltage difference of PE switches is
each cell's output voltage. Then, two individual switching

functions control each cell and Eq. (7) sets the voltage
level in each cell Vo _cetr; st

Vo_celli = Vac (Qlcelli - Q3celli) (7)

Where switching functions are @ ell; and Q3 elly and
V4 is a DC input of each HB.
A switching function, Q; is defined as Eq. (8) where i
=1,2, -, n.
_ (1, when Q; is ON
Q = {O; when Q; is OFF ®)

The overall output voltage of a CHB-MLI is produced
as shown in Eq. (9) for the symmetric structure, and Eq.
(10) for the asymmetric configuration.

Vo =Vac Z?:l(Qlceui - Q3ce”i) (9)
VO = ?:1(01(;31” - QSCeui) VdCi (10)
Thus, Eq. (11) shows the 7-level symmetric CHB-
MLI's output voltage.
Vo1 = VdC(Qlcell1 - Q3cell1)
V02 = VdC(Qlcellz - Q3cellz) (11)
Vo3 = VdC(Qlcell3 - Q3cell3)

Similarly, Eq. (12) illustrates the output voltage of 15-
and 27-level asymmetric CHB-MLIs.

Vol = Vdcl (Qlcelll - QSCeul)
V02 = Vdcz (Qlcellz - Q3cellz) (12)
Vo3 = Vdc3 (Qlcell3 - Q3cell3)

5. MC-PWM methods for symmetric and asymmetric
CHB-MLI

The MC-PWM methods are named PSPWM and
LSPWM as per classification.

5.1. PS-PWM

A CHB-MLI with “(M-1)” carrier-signals can produce
an “M” number of levels in the output voltage. These
carrier signals have equal amplitude and frequency.
Nevertheless, there is a phase displacement between the
two carrier waves. The Eq. (13). helps to decide the phase
displacement angle for the carrier signals. The PS-PWM
method can be sinusoidal PSPWM (PSSPWM) or third
harmonic injected PSPWM (THIPSPWM) based on the

reference signal.

360
Or = 0ipy

(13)

Figure 3 shows the PS-SPWM method for a 7-level
CHB-MLL. In this figure, six carriers (Crl - Cr6) are shown.
Also, the sinusoidal reference wave is used with carrier
waves to create control pulses for the PE switches.
Furthermore, the gray color waveform approximates the
7-level CHB-MLI's output voltage.

—Ref. —C1r —Cr2 —Cr3 —Crd —Cr5 —Gr —Output
‘ 4

AMpILCe (p.u.)

YAY,
0.004 0.008 0.008
Time (s)

Figure 3: PSSPWM method

—Ref. —Crl — Gr2 —Gr3 —Cr4 — Grs —Gr6 — Output|

\ o

Ampinuge (p.u.)

0.006 0.008
Time (s)

Figure 4: THIPSPWM method

Like the PSSPWM, THIPSSPWM has (M-1) carrier
signals for the M-level of CHB-MLI (Figure 4). However,
in this method THI signal is used as a modulation signal
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to generate switching pulses for the inverter. Also, the
signal in gray color estimates the output phase voltage. A
3-phase system is proper for this control method because
the triplen harmonics do not appear when a delta-
connected transformer is placed.

Also, each HB can produce vy; output voltage (where
i=1,2,3.... N). The Eq. (14) describes 7-level CHB-MLI's
output voltage (v,y).

Van = Vy1 + Vyz + Vy3 (14)

Eq. (15) describes the simplified form of CHB-MLI's
switching frequency for PSPWM system.

finv = 2Hfo, = (M — 1) f5 (15)

A symmetrical configuration is suitable for operating
using the PS-PWM method because it benefits balancing
all DC sources.

5.2. LS-PWM

Like the PSPWM, LSPWM needs "(M-1)" carrier waves
that are equal in amplitude to produce "M" levels in the
output voltage. Regardless, there is vertical displacement
in each other's position such that the bands they inhabit
are bordering. Furthermore, LSPWM is classified as
LSPWM and THILSPWM. Also, carrier waves can be
arranged in various forms, namely, in-phase disposition
SPWM (LSIPDSPWM), level shifted alternate phase-
disposition SPWM (LSAPODSPWM), and level shifted
phase-opposition-disposition (LSPODSPWM). All the
above LSPWM techniques are shown in Figures 5 to 10.

[~Ref—Cr1—Cr2—Cr3—Cra  Cr5—Cr6 — Outpui]

Amplitude (p.u.)

AWV

r
0.008 001 0.012 0.014 0.016
Time (s)

Figure 5: LSIPDSPWM

~=Ref~—Cr1—Cr2~ Cr3-—Cr4  Cr5-—Cr6 — Quiput.

05

Amplitude {p.u.)
o

RV Y
V \.‘f \VF \i W V

-0.5

MWWV

0 0.002 0.004 0.008 0.008 0.01 0.012 0,014 0.016
Time (s)

Figure 6: LSAPODSPWM

|—Ref—cCr1—crz—cra—cra — Crs —Cre —Qutput]
1 ATA AA

Amplitude {p.u.)

SNV

\/
0.002 0.004 0.008 0.008 0.01 0.012 0.014 0.016
Time (s)

Figure 7: LSPODSPWM

—Ref —Cr1 —Cr2 —Cr3 —Cr4 ~—Cr5 —Cr& — Output|

Amplitude (p.u.)

o

0.01 0012 0014 0.016

VAW

Tlrne s

Figure 8: THILSIPDPWM

—Ref —Cr1—Cr2 —Cr3 —Cr4 — Cr5 —Cr& — Output|

Amplitude (p.u.)

/\ \ /\v/\/‘ \ \ /\ \/”'\ \\

o 0.002 0.004 0.008 0.008 0.01 0.012 0.014 0.016
Time (s)

Figure 9: THILSAPODPWM

—Ref—Cr1—Cr2 Cr3—Crd  Cr5—Cr6 — Output|

Amplitude (p.u.)

/
\;’\/
Vo \‘f V

AR

Time (s)

Figure 10: THILSPODPWM

The phase displacement between two carrier waves is
zero in the LSIPDSPWM. In contrast, there is 180° phase
displacement every
LSAPODSPWM. In the LSPODSPWM, the carrier waves
are in phase, placed above zero-reference. Similarly, the

between carrier wave in

carrier waves are in phase, placed beneath zero-reference.
However, the 180° phase displacement is seen between
the above-zero and below-zero reference lines. A
sinusoidal reference wave is used in all three methods.

Also, the gray color signal estimates the output voltage.
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The control pulses for HB1 can be generated by the
uppermost and lowest carrier waves. Similarly, the pulses
can be generated for HB3 and HB2 with the innermost
carrier waves. The estimation of the output wave and the
arrangements for the 7-level CHB-MLI is shown in

Figures 5 to 10.

Eq. (16) describes the output voltage of a 7-level CHB-
MLI Also, it shows the peak output voltage for each HB.

Van = Vp1 + Vpz + Vps (16)

The operating frequency of PE switches in HB1 is the
product of reference wave frequency and the switching
pulses per cycle. Furthermore, the switching frequency is
different in another HB module. The HB3 can be run at

the most subordinate switching frequency.

In general, the operating converter frequency using
the LSPWM is equal to the carrier frequency (f).

fsw,conv = for

17)

Eq. (18) shows the average value of operating
frequency for switches

fer
fsw,dev = (mc—_l) (18)

The PSPWM method generates each HB module's
equal amplitude output signal with small phase
displacement. Also, the current-carrying time is identical
for all switches. In contrast, the output waveforms are not
identical when HB modules are controlled by the LS-
PWM method because of the different current-carrying
times. This issue can be solved with a proper balancing
technique to balance losses and conduction time.
However, this increased process expands the complexity

and price of the design.
6. Realization of MC-PWM for CHB-MLI

MC-PWM technique controls symmetric/asymmetric
type CHB-MLI. The “(M-1)” carrier waves can produce
“M” level output voltage for both types of CHB-MLL

The PSPWM technique is applied to the symmetric
CHB-MLI only since it balances load current among all
isolated inputs. In contrast, the LSPWM method cannot
balance the load current among all sources in both types
of CHB-MLlIs. Still, the load balancing technique is not
used in this study.

In the PSPWM method, a 60° phase shift between two
carrier waves is needed to produce a 7-levels output

voltage for the symmetrical type CHB-MLI configuration.

Likewise, a 45° phase shift is needed to generate a 9-level
output voltage. A sinusoidal modulation wave is used to
form ad PSPWM technique, and a THI modulation wave
is considered to create the THIPSPWM method. The THI
wave is generated by injecting a third harmonic wave into
the 60 Hz frequency sinusoidal wave. The modulation
wave is compared with the carrier waves to produce

control pulses for the PE switches in both methods.

Both symmetric and asymmetric structure of CHB-
MLI model is created considering the LSPWM method. In
this method, "(M-1)" carrier waves are vertically displaced

to produce an "M" level output signal.

In the LSPWM method, each carrier signal's peak-to-
peak value (PPV) can be decided by using Eq. (19).

PPV =“1/(NC/2)” (19)
Where NC is a sum of all carrier waves.

The PPV per carrier wave was 0.33 in symmetrical
type 7-level CHB-MLI. Hence, three carrier wave was
placed above 0 references, and the remaining three were
placed under 0 reference. So, the range of carrier waves is
0.67 to 1 for Cr1, 0.33 to 0.67 for Cr2, and 0 to 0.33 for Cr3.
Similarly, the three carriers below 0 reference hold the
same values but with negative polarity. Eq. (19) shows
that the 9level symmetric type CHB-MLI used a 0.25 PPV

value.
@

1VdC ™ —— +

&

T @]

2VAC/ e -

3vdc _F
@t D

Figure 11: Asymmetric type 7/9level CHB-MLI [58]

Figure 11 shows the asymmetrical configuration of
CHB-MLI.  This than

symmetrical CHB-MLI despite an equal number of carrier

design has fewer switches

waves being needed. Consequently, an added circuit is
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needed for further processing these waves to produce
switching pulses. The 7-levels in the output signals are,
+3E, +2E, +E, 0, -E, -2E, and -3E. These values are output
achieved by processing six carrier waves using source
formation of 1:2 (V4= E, V4.,= 2E). Figure 12 describes
the logic circuit which generates the control pulse for this
design. Likewise, the eight carrier waves are used to
achieve 9-levels, +4E, +3E, +2E, +E, 0, -E, -2E, -3E and -4E,
with 1:3 source composition ( Vy1=E, Vy.,=3E). Figure 13

shows the control pulse logic circuit for this design.

—

P1— 1
p2 — s1
P3 2
P4 S4
PS — S3
P6 —
r>>—s8
S7

Figure 12: Logic circuit to produce control pulses ( 7level asymmetric
CHB-MLI) [58]

The comparison of carrier and modulation waves
produced the switching pulses (P1-P6). As discussed
earlier, six carrier waves are used to produce a 7-levels
output signal. The modulating wave either be a
sinusoidal wave or a THI wave. Figure 12 describes the
further processing of these pulses. The pulses P1, P2, and
P3 are used as input to the XOR, producing control signal
S1 and complimentary signal S2. Thus, S1 and S2 connect
to the switches Q1 and Q2. Signal P2 is used for S5 and
complementary signal to S6. Another XOR gate used P4,
P5, and P6 as input signals. This logic gate produces S4
and complimentary signal 54, which are connected to the
switches Q3 and Q4. The signal S7 for switch Q7 is
connected to P5, and S8 has used the complementary
pulse of P5 for switch Q8.

Asymmetric type CHB-MLI in 9-level design, eight
pulse waves P1 to P8 are produced with a single
modulating and eight carrier waves. These pulses are
further processed using logic gates shown in Figure 13.
Signals S1 and complimentary signal S2 are produced
with the P1, P3, P4, P6, and P7 input pulses for the NXOR
logic. The S1 and S2 drive the switches Q1 and Q2.
Likewise, another NXOR logic is used to produce driving
pulses 53 and complimentary pulse S4. In this process, P2,
P3, P5, P6, and P8 are employed as input signals for the

NXOR logic. Also, the driving pulses S5 and S7 are
connected to P3 and P6. Moreover, the control pulse 57 is

complimentary to S8, and S6 is complimentary to S5.

S1

s2
P3 :)i >
P6—]

S3

P2 - :E: D; sS4
P8
ps-] 6

S5
S7
S8

Figure 13: : Logic circuit to produce control pulses (9level asymmetric
CHB-MLI) [58]

7. Simulation results

MATLAB/Simulink models are used to study MC-
SPWM and MC-THIPWM methods for a symmetrical and
asymmetrical design of 3-phase CHB-MLI.

The symmetrical 7- and 9-levels 3-phase CHB-MLI are
integrated with MCPWM  methods, PSSPWM,
PSTHIPWM, LSSPWM, and LSTHIPWM. All MCPWM
methods are evaluated by examining the THD and
fundamental signals in the line-to-line (L-L) output
voltage. The operating frequency of the inverter (fsy iny)
is 96 times the essential frequency of 60 Hz (i.e., 5760 Hz).

Then, asymmetrical 7- and 9-levels 3-phase CHB-MLI
operated using variation of LSSPWMs (LSIPDSPWM,
LSAPODPWM & LSPODSPWM) and THILSPWM
(THILSIPDPWM, THILSAPODPWM & THILSPODPWM)
methods. The THD and fundamental components are
analyzed using all six various of LSPWM. Furthermore, a
qualitative, and quantitative assessment is carried out for
all MCPWM methods for both design of CHB-MLL

The output phase voltage of 7- and 9-levels CHB-MLI
is shown in Figure 14 ((a)-(d)) for PSSPWM and
THIPSPWM methods. PSPWMs methods generate an
output signal that is like the sinusoidal signal in the form
of staircase. Additionally, CHB-MLI produces output
voltage of 100 V with both control methods. Also, the
examination of output signal generated by THIPSPWM
shows, the peak voltage created stays constant for an
extended time as compared to the signal generated by the
PSSPWM method.
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7-Level CHB-MLI S-Level CHB-MLI
100 100
4] 0
=-100 - Z-100 - -
s 1] 0.005 0.01 0.015 I a 0.005 0.01 0.015
3 @ 3 ®)
= =
£ 2w J—
a Dll
-100 -100
0 0.005 0.01 0.015 Q 0.005 Q.01 0.015
Time (s) Time (s)
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Figure 14: Output phase voltage of symmetrical type CHB-MLI
controlled using (a) PSSPWM (7-Level), (b) THIPSPWM (7-Level), (c)
PSSPWM (9-Level), (d) THIPSPWM (9-Level)

The L-L voltage of the 7- & 9-levels CHB-MLI is shown
in Figure 15 ((a)-(d)). These inverters are run with
PSSPWM and THIPSPWM methods like the phase
voltage. Both methods produce equal peak voltages.
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Figure 15: L-L Output voltage of symmetrical type CHB-MLI
controlled using (a) PSSPWM (7-Level), (b) THIPSPWM (7-Level), (c)
PSSPWM (9-Level), (d) THIPSPWM (9-Level)

The overlaid waveforms of phase voltage (Figure 16
(a)-(f)) produced by symmetrical and their corresponding
asymmetrical design of 7- & 9-level CHB-MLIs controlled
with each LSPWM method under study. Like the PSPWM
method, CHB-MLI create 100 V peak in the output signal
with all LSPWM methods.
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Figure 16: Phase-voltage of symmetrical and asymmetrical CHB-MLI
(a) LSIPDSPWM (7-level), (b) LSIPDSPWM (9-level), (c)
LSAPODSPWM (7level) (d) LSAPODSPWM (9level)) (e) LSPODSPWM
(7level) (f) LSPODSPWM (9level)

The output phase voltage (shown in Figure 16) formed
by symmetric and their respective asymmetric design of
CHB-MLIs using all LSSPWM method. The information
implies both forms of CHB-MLIs results are equivalent to

each other. Similarly, the waveform produced by
symmetric and their respective asymmetric design of
CHB-MLIs using all THILSPWM techniques is denoted in
Figure 17. The statistics shows that both sorts of CHB-
MLIs outputs are similar.
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Figure 17: Phase-voltage of symmetrical and asymmetrical CHB-MLI
(a) THILSIPDPWM (7-level), (b) THILS IPDPWM (9-level), (c)
THILSAPODPWM (7-level) (d) THILSAPODPWM (9-level)) (e) THILS
PODPWM (7-level) (f) THILSPODPWM (9-level)

The L-L output voltage produced by symmetric and
their respective asymmetric design of CHB-MLIs using all
LSSPWM methos is shown in Figure 18. The numbers
signify the output voltages are corresponding to each
other for both designs of CHB-MLIs. Additionally, the L-
L voltage waveform produced by symmetric and their
corresponding asymmetric CHB-MLIs applying all
THILSPWM method is shown in Figure 19. The results
shows that both CHB-MLI's outputs are like each other.
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Figure 18: L-L voltage of symmetrical and asymmetrical CHB-MLI (a)
LSIPDSPWM (7-level), (b) LSIPDSPWM (9-level), (c) LSAPODSPWM
(7-level) (d) LSAPODSPWM (9-level)) (e) LSPODSPWM (7-level) (f)
LSPODSPWM (9-level)
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Figure 19: L-L voltage of symmetrical and asymmetrical CHB-MLI (a)
THILSIPDPWM (7-level), (b) THILSIPDPWM (9-level), (c)
THILSAPODPWM (71-evel) (d) THILSAPODPWM (9-level)) (e)
THILSPODPWM (7-level) (f) THILSPODPWM (9-level)
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Figures 20 & 21 shows the THD results of the L-L
voltages and phase-voltages waveform of 7- and 9-levels
of symmetric/asymmetric design of CHB-MLI for all

MCPWM methods, respectively.
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Figure 20: THD in the L-L voltage for 7-and 9-levels CHB-MLI for
MCPWM methods

Figure 22 shows the fundamental component

produced in the output voltage of 7- and 9-levels of both
CHB-MLI for all MCPWM methods,
30r

correspondingly.
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Figure 21: THD in the phase-voltage for 7- and 9-level both types of
CHB-MLI applying MCPWM methods
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Figure 22: Fundamental freq. component in the output of 7- and 9-
levels CHB-MLIs operating with MCPWM methods

Additionally, the PSSPWM and THIPSPWM methods
are employed to the 7- & 9-levels symmetrical CHB-MLI
to confirm the discharging rate of the input HB sources.
The discharging current of all inputs evaluated for
PSPWM methods are equal. As depicted in Figure 23,
discharging current from all sources in the THIPSPWM
modulated CHB-MLI is a bit greater than the PSSPWM
controlled CHB-MLL
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Figure 23: Output current from each HB cell for the (a) PSPWM in 7L,
(b) THIPSPWM in 7L, (c) PSPWM in 9L, and (d) THIPSPWM in 9L
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Figure 24: Current for each HB of 7-level symmetric and asymmetric
CHB-MLI using (a) LSIPDSPWM (Sym.), (b) LSIPDSPWM (Asym.), (c)
LSAPODSPWM (Sym.), (d) LSAPODSPWM (Asym.), (¢) LSPODSPWM

(Sym.), and (f) LSPODSPWM (Asym.)

Also, the all deviations of LSSPWM and THILSPWM
methods are applied to the 7- & 9-levels symmetrical and
asymmetrical configuration of CHB-MLI to confirm the
discharging of the input source of HB. The RMS value of
discharging current of all sources are shown in Figures 24
to 27 ((a)-(f)). The calculated value show that variations of
LSPWM method has discharging rate of AA difference.
As described in Figures 26 and 27, discharging current of
all inputs in the THILSPWM controlled CHB-MLI is
slightly greater than the LSSPWM created CHB-MLI. Also,
it has similar AA discharging difference in both
symmetrical and asymmetrical type CHB-MLIs.
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Figure 25: The current from each HB in -level symmetric and
asymmetric CHB-MLI applying (a) LSIPDSPWM (Sym.), (b)
LSIPDSPWM (Asym.), (c) LSAPODSPWM (Sym.), (d) LSAPODSPWM
(Asym.), () LSPODSPWM (Sym.), and (f) LSPODSPWM (Asym.)
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Figure 26: Output current from each HB cell 7-level symmetric and

asymmetric CHB-MLI applying (a) THILSIPDPWM (Sym.), (b)

THILSIPDPWM (Asym.), (c) THILSAPODPWM (Sym.), (d)

THILSAPODPWM (Asym.), (e) THILSPODPWM (Sym.), and (f)
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Table 2: Results of essential component and THD of symmetrical CHB-

MLI
Asymmetrical type (3-phase)
PWM 7-Level 9-Level
Methods THD THD
F (9 F (9
New [FIN] o [T
LSIPB[SPW 24 | 10.70 | 86.75 | 24 | 8.29 | 86.60
THILSIPD
PWM 24 | 10.01 | 9755 | 24 | 7.56 | 97.40
LSAPODS
PWM 24 | 1491 | 86.75 | 24 | 12.31 | 86.60
THILSAPO
DPWM 24 | 1453 | 97.55 | 24 | 11.51 | 97.40
LSPODSP
WM 24 | 1510 | 86.75 | 24 | 11.74 | 86.60
THILS-
PODPWM 24 | 1511 | 97.55 | 24 | 11.86 | 97.40

The fundamental component and THD are compared
for both designs of CHB-MLIs which is summarized in
Table 1 and Table 2. In these tables, “N” is the total
number of switches used to compose CHB-MLIs. Also,
the “F” value showed the essential component in the
output signal.

Table 3: THD in the phase voltage of symmetrical CHB-MLI

fme fime Symmetrical type (3-phase)
Figure 27: Current of each HB in 9-level symmetric and asymmetric 7-Level 9-Level
CHB-MLI using (a) THILSIPDPWM (Sym.), (b) THILSIPDPWM PWM Methods THD THD
(Asym.), (c) THILSAPODPWM (Sym.), (d) THILSAPODPWM (Asym.), N N
(e) THILSPODPWM (Sym.), and (f) THILSPODPWM (Asym.) (%) (%)
Table 1: Fundamental component and THD products of symmetrical PSSPWM 36 27.67 48 25.61
CHB-MLI THIPSPWM 36 27.67 48 25.61
3 rrical t (3-phase) LSIPDSPWM 36 18.16 48 13.77
mmetri -
WM 7yLe ; = VP p9 Eze ~ THILSIPDPWM | 36 | 2759 |48 | 2559
Methods VTHD VTHD LSAPODSPWM | 36 | 18.16 |48 | 13.74
N (%) F(%) | N (%) F (%) THILSAPODPWM | 36 27.59 48 25.60
(o) (o]
PSSPWM 36 | 14.65 | 86.60 | 48 | 12.19 | 86.60 TIEISIE,(S)I?OSS‘I/’VVI\\/AM 22 ;?;g iz ;ggi
THDPSPW 36 | 14.65 | 9745 | 48 | 11.51 | 97.45 . '
M ] ] ] ] Tables 3 & 4 Summaries the THD generated in the
LSIPDSPW phase voltage of the symmetrical/asymmetrical type 7&
M 36 | 10.72 | 86.75 | 48 | 12.29 | 86.60 9levels CHB-MLIS.
THDLSIPD 36 | 9.97 9755 | 48 | 7.56 97 40 Table 4: THD in the phase-voltage of asymmetrical type CHB-MLI
PWM . . . .

Asymmetrical type (3-phase
11;3\2\1;[01)5 36 | 14.88 | 86.75 | 48 | 12.30 | 86.60 ;—Level = 9(—Lgve1 )
THILSAPO PWM Methods THD THD

. . . . N N

DPWM 36 | 14.49 | 97.55 |48 | 11.44 | 97.40 (%) (%)
LSPODSP LSIPDSPWM 24 18.21 24 13.78
WM 36 | 1505 1 86.75 148 | 11.57 | 86.60 THILSIPDPWM 24 27.61 24 25.64
THDLSPO LSAPODSPWM 24 18.20 24 13.71

15. 7. 48 | 11.84 | 97.4
DPWM 36| 1505 197.55 ) 48 84 | 9740 THILSAPODPWM | 24 27.61 24 25.65
LSPODSPWM 24 18.20 24 13.78
THILSPODPWM 24 27.62 24 25.64
WWW.jenrs.com Journal of Engineering Research and Sciences, 1(2): XX-YY, 2021 157


http://www.jenrs.com/

@) JENRS

J. Patel et al., MC-SPWM and MC-THIPWM Methods

8. Conclusion

This paper analyzed MC-PWM techniques for the
symmetric/asymmetric CHB-MLIs. A simulation model
for a three-phase symmetric and asymmetric design of
CHB-MLI was constructed in MATLAB. The operation of
CHB-MLI was brought out at 5760 Hz, which is 96 times
of fundamental (60 Hz) frequency inverter switching
frequency.

This study discussed the structure of symmetrical and
asymmetrical (binary and trinary) type CHB-MLI and the
mathematical representation of their output voltages. The
simulation results revealed that both types of converters
generated equal "M" number levels in the output voltages
using (M-1) carrier signals. However, the asymmetrical-
trinary CHB-MLI needed the least number of switches
and DC sources among symmetrical, asymmetrical
(binary), and asymmetrical (trinary) configurations.
Therefore, the asymmetrical-trinary configuration used
fewer driver circuits, making it simpler, cost-effective,
and less vulnerable. Also, the lowest number of switches
in conduction per voltage level are needed in an
asymmetrical-trinary configuration which shows that the
conduction and switching losses are significantly lower
leading to the higher efficiency of CHB-MLIs.

Finally, the simulation results revealed that the
generated line-to-line and phase voltages by the 9-level
(symmetrical and asymmetrical design) of CHB-MLI are
much improved compared to the 7-level CHB-MLIs. In
addition, it generated a high-quality voltage with the
lowest harmonic content, which is 7.56% in line-to-line
voltage and 13.71% in phase voltage. Even though, these
harmonics are above the accepted limit of IEEE Std 519-
1992, it minimizes the harmonic filtering process. That
reduces the overall size and cost of the system.

Furthermore, this extensive study shows that the
output signal produced by all MCPWM method is
equivalent to a similar level of CHB-MLI. In addition, the
harmonic study shows that the LSIPDPWM creates
noticeably lower distortion (7.56% for 9-level inverter) in
the L-L voltage compared to the other methods. The
LSIPDPWM technique generated 13.78% THD in the
phase-voltage for the 9-level CHB-MLI configuration.
Moreover, the different arrangements of carrier signals
have different THD in the output signal, which explains
the arrangement of carrier signals impacts THD
generation.

In addition, results reveal that LSTHIPWM produces
nearly 10.8% additional fundamental components in the
L-L voltage than the LSPWM, which improves the total

productivity of CHB-MLI. That suggests the fundamental
component produced in the output of CHB-MLI fit in
with MC-design is affected by the choice of modulation
signal.

Also, the measurement of source current displays that
the PS-PWM technique can balance discharging current
of all modules in CHB-MLI. In contrast, all variations of
LSSPWM and THILSPWM do not naturally balance the
discharging rate of all CHB-MLI modules. Therefore, the
carrier rotation algorithm is needed with LSPWMs
modulation techniques. This added algorithm increases
the computation load on the digital controllers.
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