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This paper proposes an asymmetrical cascaded single phase H-bridge
inverter. The proposed inverter consists of two modules with unequal and
isolated dc sources. Each module is composed of dc source, conventional
four switches H-bridge and single bidirectional switch. To increase the
output voltage levels, the tertiary ratio, 1:3, between its two dc sources is
adopted. Both the fundamental frequency and the multicarrier pulse width
modulation (PWM) control schemes are employed to generate switches
signals. By controlling the inverter modulation index, the proposed inverter
can generate an output voltage having up to seventeen levels by using only
two modules. The proposed topology has also the feature of modularity
which means that it can be extended to any levels by adding new modules.
The proposed topology is simulated using an inductive load and some

Selective harmonic elimination selected simulation results have been provided to validate the proposed
(SHE) inverter.
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1. INTRODUCTION

Multilevel inverters (MLIs) have gained grate interests in power electronics conversions techniques
in the recent years. MLIs are preferred to conventional two level inverters due to (a) they can generate an
output voltage which is very close to the sinusoidal waveform and thus they are considered as high power
quality systems, (b) they can operate at low switching frequency with high quality output waveforms due to
the increased levels and therefore switches stresses and electromagnetic interference can be diminished. The
first MLI is the neutral point clamped topology [1]. Generally there are three main MLIs, diode-clamped,
flying-capacitor, and cascaded H-bridge (CHB) [2-3] .

Generally the CHB MLI consists of a number of conventional H-bridge inverter modules. Each H-
bridge module can generate three levels (0, Vg, - Vg ). These H-bridge modules are generally connected in
series and the final output voltage is synthesized by the combination of theseH-bridge modules. The CHB has
the advantage of simple control and structure due to the modular characteristic. Therefore, it is very easy to
replace any module if it becomes faulty. Even without discontinuing the load, it is possible to bypass the
faulty module by applying an suitable control technique [4 - 6].

The CHB inverter can be divided into two main groups; symmetric and asymmetric or hybrid. The
output voltage levels of asymmetric per arm that can be generated are 2n+1where ‘n’ is the number of H-
bridge series connected modules. On the other hand, the most well-known ratios for asymmetric are binary
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and tertiary, they can generate2(n+1)-1voltage levels per arm. Therefore the asymmetric MLI can reduce the
size and cost of the system and improve the reliability due to using fewer semiconductors and capacitors.

A single-phase 7-level PWM inverter is proposed in [7] which synthesizes seven voltage levels per
cycle (0, Vae, 2 Ve, 3 Ve, - Ve » -2 Ve, 3 Ve ). This inverter nearly triples the output voltage levels and
thus its output voltage harmonic contents are reduced compared to the conventional H-bridge inverter. In [8],
authors added a bidirectional switch to the conventional H-bridge single phase inverter. Therefore a five level
output voltage waveform. In [9] authors used two series similar modules of the inverter proposed in [8] with
equal dc sources. Thus that topology can generate 9 levels (0, Vg, 2 Ve .3 Ve s 4 Ve » - Ve » -2 Ve » -3 Ve
-4 V4 ) and it is considered as a symmetric MLI. In this proposed topology an asymmetrical CHB inverter
based on [8] and [9] is presented. Instead of using equal dc sources, the tertiary ratio is employed to increase
the voltage levels with the same number of switches. The number of output voltage levels is increased to 17.
The presented MLI in this paper is a modular in addition to both fundamental frequency and PWM control
schemes can be employed. Simulation results are provided to verify the validity of the proposed system

The paper is organized as follows: section 2 gives the operational principles of the proposed MLI
topology. The Modulation Techniques for the proposed MLI is presented in section 3. Subsequently
simulation results are provided in section 4. Modularity of the proposed topology has been studied in section
5. Section 6 presents a comparison between the proposed topology and existing counterparts MLI topologies.
Finally conclusion is presented in section 7.

2. OPERATIONAL PRINCIPLES OF ASYMMETRICAL CASCADED MLI TOPOLOGY

Figure 1(a), (b) and (c) shows the proposed 17 levels single phase asymmetrical cascaded inverter
topology and its generated output voltage waveforms for low and medium modulation index (mi). The
proposed inverter consists of two series connected modules based on [9]. Each module consists of five IGBT
switches as well as four main diodes. Each module requires two equal and non-isolated dc sources. To
increase the levels of output voltage, a tertiary ratio 1:3 between the upper module dc source (2 V,.) and the
lower module dc source (6 V,) is adopted. It can be noted that, the input voltage for each module is divided
into two equal voltages as shown in figure 1. To obtain this number of levels from the conventional
topologies like cascaded H-bridge (CHB) [10], neutral point clamped (NPC) [11], or flying capacitor (FC)
inverters [12], a large number of switches and diodes have to be used. The main advantages of the proposed
topology are; (1) high level switch ratio (LSR) [13] because of using unequal DC voltage values (1:3 dc
source ratio) resulting in reducing the number of components used; (2) the switches utilized in upper module
with lower dc source value operate at switching frequency, while the switches utilized in lower module with
higher dc source value operate at low frequency. Consequently the switches losses will be reduced.
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Figure 1. (a) The Proposed Single Phase Asymmetrical Cascaded Multilevel Inverter; (b) Generated
Output Voltage for Low Modulation Index; (¢) Generated Output VVoltage
for Medium Modulation Index
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The generated output voltage levels of the proposed MLI are shown in Table 1 where two modules
are considered with 10 switches and 4 diodes that are able to generate 17 output voltage levels. The lower
module dc voltage source is three times the upper module dc voltage source. From Table 1, to achieve any
level, four switches have to be turned on. As an example, for the first level Qg4 Q, Q- and Qg should be
turned on to get V. in the output. In this case, inverter voltage v, = Vz.= Vo1. It could be noticed from
Figure 1 (b) and (c) that as the modulation index increases, more levels are generated.

Table 1. Output Voltages of Two Modules

Upper Lower
Output
States module module R Gl @ Gl @ Oh 63 @ 67 63 6
No. voltage voltage
Vo1l [Vo2] Winw]

1 0 0 0 1 1 0 0 0 1 1 0 0 O
Ratios: 2 Vi 0 Ve o o o 1 1 0 o0 1 1 o0
upper 3 2 Ve 0 2 Vi 1 0 0 1 o0 1 1 0 0 o0
module 4 0 3 Ve 3 Ve i1 1 0 0 o0 0 O 0 1 1
2V 5 Ve 3 Ve 4V 0 0o 0 1 1 0 0 0 1 1
divided 6 2 Ve 3 Ve 5 Ve 1 0 0 1 0 0 0 0 1 1
Vie & 7 0 6 Ve 6 Ve 1 1 0 0 0 1 0 0 1 0
Ve 8 Ve 6 Vi 7 Ve o o0 o0 1 1 1 0 0 1 o0
9 2 Ve 6 Vic 8 Ve 1 0 0 1 o0 1 0 0 1 o0
Lower 10 -V 0 -V 0 1 0 0 1 1 1 0 o0 0
module 11 -2 Ve 0 2Ve O 1 1 0 0 1 1 0 0 o0
6 Vi 12 0 -3 Ve 3Ve 1 1 0 0 0 0 1 0 o0 1
divided 13 - Ve -3 Ve 4Ve O 1 0 0 1 0 1 0 0 1
3 Ve & 14 -2 Ve -3 Ve -5 Ve 0 1 1 0 0 0 1 0 0 1
3 Vi 15 0 -6 Ve -6 Ve 1 1 0 0 0 0o 1 1 0 o0
16 - Ve -6 Ve Ve O 1 0 0 1 0 1 1 0 o0
17 -2 Ve -6 Ve 8Ve O 1 1 0 0 0O 1 1 0 0

3. MODULATION TECHNIQUES FOR THE PROPOSED MLI

Modulation techniques for MLI can be divided into two well-known categories depending on the
switching frequency used to drive the inverter switches: (a) fundamental frequency modulation technique, (b)
Sinusoidal Pulse-width modulation (SPWM) technique. Fortunately the proposed topology can be controlled
and implemented using both control schemes as explained in details in the following paper section.

3.1. Fundamental Frequency Control Scheme

The fundamental frequency control technique is very efficient for MLI because of its superior
performance in reducing switching losses and stresses especially in case of using many switches like this
proposed MLI. In this case either selective harmonic elimination (SHE) or harmonic minimization technique
can be used to determine the switching angles of different switches. Equation (1) defines the modulation
index, it is defined as the output ac fundamental frequency voltage divided by the total dc voltage. For very
low mi, a three levels output voltage waveforms (0, V., - V) is constructed similar to the conventional H-
bridge inverter. As the mi increases, the inverter generated levels increases. Equation (2) and (3) give the
fundamental voltage of both cases of mi in Figure 1(b) and (c). Equation (4) and (5) give the harmonic
voltage of the same two cases. It could be noticed that for high mi, an eight switching angles will be emerged
and need to be solved. Also as the modulation index increases the switching angles (6, 9,, ...) increase. The
general equation of the harmonic components for the eight switching angles is given in Equation 6.

@)
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_ 4V ac

hy = — [cos(8,) + cos(6,)] @

h, = % [cos(B,) + cos(8,) + cos(83) + cos(6,)] 3
4V qc

h, = F[cos(el) +cos(6,)], n=3,57,.. @

h, = 4:2:5 [cos(6;) + cos(8,) + cos(B3) + cos(8,)], m=3,5,7,.. 5)
Vdc 8

hn = e Zi:l COS(Qi) ’ n= 1, 3, 5, 7, (6)

Where 0<91<92<93<94<95<96<97<98<§
The total harmonic distortion (THD) can be calculated as in Equation (7)

/U@+h§+h§+mg
% THD =100 X ——M ©)

hy

In SHE technique, lower order harmonics are selected to be cancelled based on how many switching
angles are exist. But in harmonic elimination technique the solution of the switching angles (6,,9,, ...) are
generated based on minimizing the value of THD of Equation (6). It can be noticed that either in SHE
technique or THD minimizing technique, the above equations can be solved using iteration method such as
Newton Raphson or secant search engine [14 - 16] to satisfy the fundamental voltage and cancel lower
harmonics up to 7 orders at the same time. Table 2 provides the lookup table solution for different
modulation indexes. It could be noticed that the higher the modulation index (mi) the higher the number of
voltage levels are required to achieve the inverter output voltage command. Also the percentage THD of the
inverter output voltage decreases rapidly as the modulation index increases. Figures 2(a) and 2(b) give the
lower order harmonics beside the fundamental voltage with changing modulation index. In case of very low
modulation indexes at 0.1 and 0.2, the lower order harmonics especially the 3, 5" and 7" have significant
values as compared to the fundamental because the behavior of the proposed MLI is typically similar to
conventional two levels inverter. For other modulation indexes greater than or equal 0.3, more output voltage
levels will appear and consequently more lower order harmonics can be cancelled. For example mi = 0.7
lower harmonic orders 3", 5 7" 9" are almost vanished.

Although fundamental frequency control scheme has many advantages as previously described, it
has some drawbacks. Equations solution of the SHE technique is the main disadvantages of this method
because it is a very complex and tedious work in addition the solution is not satisfied at certain modulation
indexes. Thus applying this technique will lead to discontinuous range of control.

Table 2. Proposed Inverter Performance and Switching Angles
for Different Values of mi at Low Frequency Control

mi 0, 0, 0, 0, 0, 0, 0, 04 hy Ve %THD
01 510 90 90 90 90 90 90 90 08 58.88
02 135 735 90 90 90 90 90 90 1.6 30.43
03 1326 3793 8286 90 90 90 90 90 2.4 18.39
04 1074 2635 5283 8798 90 90 90 90 3.2 12.55
05 7.0 2492 3414 655 90 90 90 90 4 10.91
06 58 1612 330 475 692 90 90 90 48 8.55
07 53 150 265 3831 5280 816 90 90 5.6 7.78
08 48 139 229 329 4391 608 867 90 6.4 6.49
09 38 112 204 279 3991 515 64 848 7.2 6.28
10 28 112 204 279 3591 425 535 688 8 5.20

3.2. PWM Control Scheme

The proposed MLI can also be controlled using the well-known sinusoidal pulse width modulation
(SPWM) control scheme. SPWM control scheme advantage is that it has a continuous control range of
modulation indexes. In SPWM control scheme a number of carriers signals are compared with a rectified
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sinusoidal signal with amplitude (4,,) to generate the inverter control signals. Eq. (8) gives the modulating
signal. In the proposed MLI, 8 carrier signals with same magnitude (A.,) and frequency but shifted by a dc
level from each other. This shifted dc level equals to the carrier magnitude (A.,). Boolean signals are
generated from this comparison and thus the switches control pulses can be generated.

The comparison generates 8 signals (L,,L,,L.,Lq,L,, Ly, Ly, Ly) with low frequency and 8
signals (H, ,H, ,H.,Hy,H, ,H, H,, Hy) with switching frequency. In addition, zero crossing two signals
P & N are generated from comparing the modulating sinusoidal signal with a zero dc value. Figure 3 ()
depicts the 8 carriers and the rectified sinusoidal signal. Figure 3(b) shows the 8 low frequency signals while
Figure 4(c) provides the 8 high frequency signals. Equation (9) gives switches on/off control Boolean
formula. As explained before the output voltage levels increases with increasing modulation index and its
percentage THD decreases rapidly with increasing mi too as shown in Figure 4.

A, =mix6x*A, (8)

P, = H,P,P, = PL,

Q. = (HyLp + H.L. + HeLy + HyLy + H;L;) * P + (H,L, + H.L. + HoL, + HyLy, + HyLy) * N
+ P,

Q; = Q¢ = P, =PL,

Qs = (H.L, + H,L, + HyLy + HyLy) * P + (HyLy + H.L. + HeLy + HyLy + H;L;) * N

Qs = Sg= PL,+ P,P,

Qs = (HyLy + Ly + L) P+ (Ly + Ly + H.L) * N + P,

Q; =L, +H.L)*P+ (Ly+L;+HyLy) * N + P,P,

Qa = HyLo + HyLy + H,L, + HeLs + HyLy + H;L;

Qs = H.L.+ HyLy+ L, + Ls 9)

05 06 07 08

(@) (b)

Figure 2. The Normalized (v;,,,/V4c) MLI Output Voltage Spectrum Against mi = 0.1 — 1(a)
Fundamental Combined with 3, 5, 7, and 9 Harmonic Orders , (b) Fundamental Combined
with 11, 13, and 15 Harmonic Orders

i

(@)

Int J Pow Elec & Dri Syst, VVol. 9, No. 2, June 2018 : 712 - 721



IJPEDS ISSN: 2088-8694 a 717

1 i J 1 ; | LA 1L
i LT N Y [ U il hi 1 — It
e =M L e o [ A 1 [ 1
n FENEY .
L1 I I -
T I N A N U
e — A R e =t
':] “i* j*4 | 8 I—:I o = o i3s ﬂ4
(b) ()

Figure 3. Generating of Switches Pulses using SPWM, (a) Eight Carriers and Single Modulating
Signal, (b) Signals from Bottom to Top L1 — L8, (c) Signals from Bottom to Top H1 — H8

Figure 4. Percentage Inverter Output Voltage THD Against Modulation Index (mi)

4.  SIMULATION RESULTS

In this section, simulation results are illustrated for both low frequency and SPWM control schemes.
The proposed MLI has been built and simulated using MATALB/Simulink package. The dc input voltage are
V;.=40V. In addition, the load is R-L with L=100mH and R=30Q.Furthermore, in case of SPWM control
scheme, the employed switching frequency is2kHz. Some selected results are provided to validate the
proposed system.

Figure 5 shows the low frequency control scheme results for simulation. The studied cases are
chosen to cover wide range of modulation indexes, they are mi = 0.2, 0.5, and 0.9. In this control method, the
selected harmonic elimination technique is employed to fix the fundamental frequency and at the same time
to cancel lower order harmonics. For example, for mi = 0.2, there are two steps in the output voltage and
therefore it can attain the fundamental frequency voltage at a constant value and cancel only the third
harmonic as shown in Figure 5 (a) and 5 (d). For large mi, higher number of lower order harmonics can be
cancelled as shown in Figure 5(b) and 5(e) where third, fifth and seventh harmonics are cancelled. Also for
mi = 0.9 as illustrated in Figure 5(c) and 5(f) all lower order harmonics are cancelled or become less than 3%
which can be considered negligible. Figure 6 shows the SPWM simulation results. Also the studied cases are
chosen to cover wide range of modulation indexes, they are mi = 0.2, 0.5, and 0.9 at switching frequency 2
kHz.

These aforementioned figures validate the proposed SPWM control scheme for the proposed
topology and confirm that the proposed MLI can be considered as a high performance MLI from the point of
view of power electronic components used because it can generate up to 17 voltage levels using only 10
power switches in addition 8 main diodes. Consequently the level-switch ratio (LSR) is 1.7.

Figure 7 illustrates the output voltage of upper and lower modules in case of SPWM control at mi =
0.9. It can be noticed that upper module switches operate at the switching frequency and low voltage. On the
other hand, lower module switches operate at almost power frequency and high voltage. Moreover control
signals of switches are shown in Figure 8 where upper and lower module switches operate at switching
frequencies as previously described. Thus the overall losses of the switches could be reduced and this is one
of the main advantages of the proposed MLI.
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Figure 5 (a). Output Voltage and Current at Low
Switching for mi= 0.2, R=30 Ohm, L =100 mH
(Current Scale = 1:1, Voltage Scale =1 : 10)
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Figure 5 (c). Output Voltage and Current at Low
Switching for mi= 0.5, R=30 Ohm, L = 100 mH
(Current Scale = 1:1, Voltage Scale =1 : 10)
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Figure 5 (e). Output Voltage and Current at Low
Switching for mi= 0.9, R=30 Ohm, L = 100 mH
(Current Scale = 2:1, Voltage Scale =1 : 10)
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Figure 5 (b). Percentage Output VVoltage
Spectrum at Low Switching for mi= 0.2, R= 30
Ohm, L =100 mH
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Figure 5 (d). Percentage Output VVoltage

Spectrum at Low Switching for mi= 0.5, R= 30
Ohm, L =100 Mh
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Figure 5 (f). Percentage Output Voltage

Spectrum at Low Switching for mi= 0.9, R= 30
Ohm, L =100 mH

Figure 5 Low Frequency Simulation Results of the Proposed ML for Different Values of mi
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Figure 6(a) Output VVoltage and Current Employing Figure 6 (b) Output Voltage and Current
PWM Control at mi = 0.2, f; =2 kHz, R=30 Ohm, L Employing PWM Control at mi = 0.5, f; = 2
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Figure 6 (c) Output Voltage and Current Employing PWM Control at mi = 0.9, f; = 2 kHz, R= 30 Ohm,
L =100 mH (Current Scale = 2:1, Voltage Scale =1 : 10)

Figure 6 Simulation Results for SPMW Control of the Proposed MLI for Different VValues of mi
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Figure 7. Simulation Results of Output Voltage Figure 8. Control Signals of Switches in Case of
of Upper and Lower Modules in Case of PWM PWM Control at mi = 0.9, f; = 2 kHz (Bottom
Control at mi = 0.9, f; = 2 kHz (Bottom is Lower to Top Q1, Q2, Q3, Q4, QA, Q5,
Module and Top is Upper Module) Q6, Q7, Q8, QB)

5. PROPOSED MLI MODULARITY

The proposed topology in this paper has a modular performance; therefore other modules can be
added to figure 1 without changing the main inverter configuration. As a result more levels can be achieved.
The ratio among the input dc voltage of inverter modules is 2:6:18:..., which means the general ratio of the
inverter is 1:3. Assuming that the output voltages of the modules are v,q, Vo3, V3, ---» Vor, the inverter output
voltage is given by:

vinv(t) = vol(t) + Vo2 (t) + Vo3 (t) + -t von(t) (10)

The number of switches Nguien and the number of the diodes Ngoges are giving by the
following equations

Single Phase Asymmetrical Cascaded MLI with Extreme... (Mohamed K. Metwaly)
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Nswitch: 4xn+n (11)
Ndiodes: 4xn (12)

Where n is the number of inverter modules. The number of the output voltage levels is varying
according to the symmetrical or asymmetrical voltage. The number of the output voltage levels N5 for
symmetrical and asymmetrical structure is calculated as follows:

Nievets = 3™ 1 (symmetrical) (13)

Nievels = 2%3" 1 (asymmetrical) (14)

6. COMPARISON BETWEEN THE PROPOSED MLI AND EXISTING MLI

Comparison between the proposed MLI topology and other existing counterparts MLI topologies
have been done in this section. The comparison considers switches number, number of main diodes, output
voltage levels, types of MLI configuration, switches voltage stresses and THD performance of output voltage
waveform. For fair comparison between the proposed topology and its counterparts existence topologies, the
output peak voltage is assumed to be fixed at V,. The number of the output voltage levels of the proposed
topology is about twice that of symmetrical scheme [9]. This comparison is given in Table 3 and it reveals
that the proposed topology has higher LSR and less switches voltage stresses. It also has high performance
due to low THD value.

Table 3 Comparison Between the Proposed MLI Topology and Two Other Systems
for Fixed Peak Output Voltage

Ref. [7] Ref. [9] Proposed topology
Number of switches 8 10 10
Number of main diodes 0 8 8
Output voltage level 7 9 17
LSR 0.875 0.9 1.7
Type of MLI Asymmetric symmetric Asymmetric
Switches voltage stresses 4 switches (sw) = 1,/3 8sw=1V,/2 4sw=V,/4, 4sw=3V,/4, 1sw=1V,/8
4sw=2V,/3 2sw=V,/4 4 diodes = V,,/8, 1 sw = 31,,/8, 4 diodes = 31,/8

8 diodes = V,,/4

Summation of all Switches 4V, 4.5V, 4.5V,
voltage stresses
%THD of output voltage at ~ 24.42 10.12 6.49

mi = 0.8

7. CONCLUSION

In this paper, a new asymmetrical cascaded seventeen levels single-phase inverter is proposed. The
proposed inverter has extreme levels to switch ratio (LSR) which reaches 1.7 in addition, the proposed MLI
is considered as a modular which means it can be extended by adding more modules to achieve more output
voltage levels. The proposed inverter operational principles and switches times diagram have been provided.
Both fundamental frequency and the multicarrier PWM control techniques have been employed to generate
switches pulses. Half of the proposed MLI switches operate at the switching frequency and at low voltage
while the other half switches turn on and off at almost power frequency and at high voltage. Consequently
the MLI switching losses is decreased. The performance of the proposed topology has been validated using
both simulation results for an inductive load. The output voltage THD shows that it has as low as 5.2%.
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