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ABSTRACT

In this paper, two new cascaded multilevel invert-
ers based on new capacitor basic unit are proposed.
In the proposed topologies, the same numbers of dc
voltage source and capacitor are used that lead to
decrease the number of required insulated dc voltage
sources. In order to generate all positive and negative
voltage levels (even and odd) at the output three dif-
ferent algorithms to determine the magnitude of volt-
age sources are proposed. Minimum number of used
power electronic devices and lower amount of blocked
voltage that is made by power switches are two main
advantages of the proposed topologies. These fea-
tures lead to decrease the installation space and to-
tal cost of the inverter. These are obtained by com-
paring the proposed topologies with several capacitor
based cascaded multilevel inverters. In addition, in
order to balance the used capacitors’ voltage, a new
charge balance control method is proposed. Finally,
the correct performance of the proposed cascaded in-
verter is reconfirmed through experimental and sim-
ulation results on a five-level proposed inverter in
EMTDC/PSCAD software program.

Keywords: Multilevel Inverters, Cascaded Multi-
level Inverter, Capacitor Basic Unit, Power Electronic
Devices, Charge Balance Control Method

1. INTRODUCTION

Multilevel inverters have received more attentions
in comparison with conventional two level invert-
ers. This is due to their advantages such as high
power quality, better electromagnetic interference,
lower harmonic components and lower value of dv/dt.
In addition, it is possible to use of these inverters
in high power and high voltage applications [1-2].
The multilevel inverters are classified into three main
groups: diode clamped multilevel inverter, flying ca-
pacitor multilevel inverter and cascaded multilevel in-
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verter [3-4]. There are not needed any diodes and fly-
ing capacitors in the cascaded multilevel inverter. In
addition, this inverter consists of series-connected of
several same basic units that lead to high modularity,
high reliability and simplicity of control. These ad-
vantages lead to high attention to the cascaded mul-
tilevel inverter [5-7]. In this paper, the concentra-
tion is on the cascaded multilevel inverter. The cas-
caded multilevel inverter is classified into symmetric
multilevel inverter with the same value of dc voltage
sources and asymmetric cascaded multilevel inverter
with different values of dc voltage sources. The main
disadvantage of the cascaded multilevel inverter is the
high number of required insulated dc voltage sources
because each basic unit consists of minimum one dc
voltage sources. In addition, high numbers of power
electronic devices is used if the magnitude of these dc
voltage sources be same [8]. Up to now, several ca-
pacitor based multilevel inverters have been presented
in literature. In [9], one capacitor is used as one of
the required dc voltage sources and the others are
insulated dc source. The main disadvantage of this
inverter is high number of used dc voltage sources and
power electronic devices to generate specific numbers
of output levels. In [10], the other capacitor based
multilevel inverter has been presented. In this topol-
ogy, two capacitor and one dc voltage source are used
in each basic unit that not only increase the num-
ber of used capacitors but also does not decrease the
number of used dc voltage sources. Two other capac-
itor based multilevel inverters have been presented in
[11-12]. The main disadvantage of these inverters is
the low value of their dc voltage sources that leads to
high number of required power electronic devices.

One of the main parameters in operation of the
multilevel inverters is their control method. The con-
trol methods of multilevel inverters are classified into
three major groups: high switching frequency; mixed
switching frequency and fundamental switching fre-
quency. In the first control method, the high switch-
ing frequency leads to decrease the generated lower
order harmonics, volume and size of the filter but
increases the switching losses. Space vector PWM,
phase shifted PWM and level shifted PWM are three
main categories of the high frequency control method.
Hybrid PWM (H-PWM) is the other control method
based on the mixed switching frequency. In this con-
trol method, the switching frequencies of all units are
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different. The fundamental switching frequency con-
trol method as a last control method of the multi-
level inverter includes of selective harmonic elimina-
tion and space vector control methods that is mostly
applied in the cascaded multilevel inverters [13-15].
In this control method, the switching frequency is
low that leads to decrease the switching losses and
increase the efficiency. The main disadvantage of
this method is increasing lower order harmonics that
causes to increase the size and cost of the filter. In
addition, in this control method, the time intervals of
using dc voltage sources in all units are differ and be-
cause of series connection of units, the power drawn
from them will be differ that leads to increase the
maintenance cost of the inverter. As a result, charge
balance control methods have been presented in [16]
but it is impossible to use these control methods for
asymmetric cascaded multilevel inverters and capac-
itor based multilevel inverters.

In this paper, a new capacitor based basic unit
is proposed. By series-connected n numbers of pro-
posed basic units, two new cascaded multilevel invert-
ers are proposed. In addition, to generate all voltage
levels (even and odd) at the output, three different
algorithms to determine the magnitude of dc voltage
sources are proposed. Then, the proposed topolo-
gies are compared to several conventional capacitor
based cascaded multilevel inverters to investigate the
advantages and disadvantages of these new proposed
topologies. Moreover, because of using capacitors in
the proposed topologies and the importance of their
voltage balancing, a new control method is proposed.
Finally, the accuracy performance of the proposed
cascaded inverters is verified through experimental
and simulation results.

2. PROPOSED TOPOLOGY

The proposed basic unit is shown in Fig. 1 [17].
As shown in this figure, this basic unit consists of
two series-connected inverter legs. Each inverter leg
includes of two unidirectional power switches from
voltage point of view and one voltage source. The
used voltage sources are either an insulated dc volt-
age source or a capacitor source. Each unidirectional
switch consists of one IGBT with an anti-parallel
diode with capability of blocking voltage in one direc-
tion and conducting current in both directions. Table
1 shows the generated output voltage levels based on
different switching patterns. In this Table, 1 and 0
indicate the on and off states of the switches, respec-
tively. As shown in Table 1, the capacitor basic unit
is able to generate three voltage levels of V., 0 and
—Ve at the output. It is important to note that the
capacitor can also be used in the downer leg of the
proposed capacitor basic unit. In this condition, the
proposed basic unit is able to generate three voltage
levels of —Vj., 0 and —V at the output. In addition,
in each switching pattern one power switches from

each leg (Sq1 or S,;) and (Sg2 or S,,) are turned
on simultaneously to avoid short circuit in voltage
side. In other word, in the proposed unit, the used
power switches in each inverter leg act complemen-
tary. Moreover, in order to generate staircase output
voltage with the same steps, the voltage of the ca-
pacitor has to be maintained at the constant value of
Vo = Vae.
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Fig.1: The proposed capacitor basic unit.
Table 1: The Output Voltage of the Proposed Ca-
pacitor Basic Unit Based on Different Switching Pat-
terns.

State | Sas | Soo | Sa1 | Sou | Vo
1 1 0 1 0 Ve
1 0 0 1
2 o1 1 o] Y
3 0 i 0 1 [ Vo

A new-cascaded multilevel inverter can be made
by series-connected n numbers of the proposed ca-
pacitor basic units. This inverter is shown in Fig.
2. As mentioned before, based on the places of the
capacitor, two different cascaded multilevel inverters
are proposed. Fig. 2(a) shows the proposed cascaded
multilevel inverter that all basic units are same and
the capacitor is used only in the second leg of each
unit. Fig. 2(b) shows the other proposed cascaded
multilevel inverter that the location of the capacitor
is substituted between the first and second leg of each
unit.

According to Fig. 2, the output voltage of the
proposed inverter is equal to add the output levels of
different units and is given by:

vo(t) = UO,l(t) + 00,2@) ot UO,n(t) (1)

In the proposed cascaded inverters, the number of
switches (Ngwiten), IGBTs (Nigpr), driver circuits
(Ngriver), dc voltage sources (Ngoyrces) and capaci-
tors (Neapacitor) are calculated as follows:

Nswitch = NIGBT = Ndrive'r =4dn (2)
Nsource =n (3)
Ncapacitor =n (4)
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Fig.2: The proposed cascaded multilevel inverter;
(a) with the constant place of the capacitor; (b) dif-
ferent location of the capacitor.

The other main parameter in calculation the to-
tal cost of the inverter is the maximum amount of
blocked voltage by the switches. If the values of the
blocked voltage by switches are reduced, the total cost
of the inverter will be decreased [16]. Therefore, in
order to calculate this index, it is necessary to con-
sider the amount of the blocked voltage by each of
the switches. According to Fig. 2, the values of the
blocked voltage by switch S, 11 and S;,H are equal
to:

Vs,n=Vy =W (5)

a,ll

In (5), Vs, ,, and VS;)M indicate the values of the
blocked voltage by the switches Vg and VS;,u’
respectively. The values of the blocked voltage by
switches Vg, ,, and VS;J? are equal to:

a,ll

Vs, 1o =V, = Ve (6)

a,12
In (7), Vs, ,, and Vg N indicate the values of the
blocked voltage by the switches Vs, ., and Vg | te-

a,12
spectively.

Therefore, the maximum amount of the blocked
voltage by all of the used switches in the first unit
(Vbiock,1) is equal to:

Vitoek,1 = 2(Vi + Ver) (7)

Similarly, the maximum value of the blocked volt-
age by the switches in other units is calculated and so
the maximum amount of the blocked voltage in the

proposed cascaded inverter (Vpocx) is equal to:

‘/block = ‘/block,l + %lock,Q + -+ ‘/block,n
:4(‘/1—|-V01+V2+V02+'"+Vn—|—Vcn) (8)

It is important to note that the magnitude of used
dc voltage sources has most important influence in
the number of generated output levels and the value
of the capacitance. Therefore, in order to generate all
positive and negative levels at the output three differ-
ent algorithms are proposed. According to each pro-
posed algorithm the number of output voltage levels
(Niever), the maximum amplitude of the producible
output voltage (V5 max) , the variety of the value of dc
voltage sources (Nygriety) and the maximum amount
of the blocked voltage by switches (Viioer) will be dif-
fer. These proposed algorithms and all of the above-
mentioned indexes are calculated and shown in Ta-
ble 2. It is important to note that in this Table
Vj is the dc voltage source of the it" basic unit and
Ve; is its capacitor source while j is considered as
7 =1,2,--- ,n. In addition, all of the proposed algo-
rithms and their obtained results can be used in both
proposed cascaded multilevel inverters.

Table 2: The Proposed Algorithms And Obtained
Parameters In The Proposed Cascaded Inverters.
Proposed |First proposed Second Third
algorithms| algorithms proposed proposed

algorithm algorithm
: Vi = Ve, j—1
Vj Ve Vj+1 = 2Vye 2 Vae
Ve Ve Vi Vi
Nievel 2n + 1 dn —1 ot _q
Vo,max nVae (27L — I)Vdc (2n — l)vdc
Vilocked 4nVie 4(2n — 1)Vye [4(2" — 1)V,
Nvariety 1 2 n

3. PROPOSED CONTROL METHOD

The proposed control method for these new cas-
caded multilevel inverters is based on the capaci-
tors charging and discharging. The proposed con-
trol method is completely analyzed for the shown new
topology in Fig. 3.

As shown in this figure, this inverter consists of
two basic units that its capacitors are substitute in
different inverter leg (according to Fig. 2(b)). In ad-
dition, the first proposed algorithm is considered to
determine the magnitude of its dc voltage sources.
According to Fig. 3, the output voltage of the upper
inverter leg of the first basic unit (V11) is equal to zero
by turning on the switch S,11; and is equal to V. by
turning on the switch S,;,. In the lower inverter leg of
the first basic unit, the output voltage (V12) is equal
to zero by turning on the switch S;u and is equal
to Vo1 by turning on the switch S,12. There are the
same explanations for the second basic unit. In other
word, in the second basic unit, the output voltage of
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Fig.3: The proposed cascaded multilevel inverter
with two basic units.

upper inverter leg (Va1) is equal to zero by turning
on the switch S,21 and is equal to Voo by turning on
the switch 5;21 while in the lower inverter leg Va2, its
output is equal to V. when the switch S, 22 is turned
on and is equal to zero when the switch S, 4, is turned
on. Table 3 shows the output voltage of the first and
second basic unit and the inverter’s output voltage of
the proposed topology that is shown in Fig. 3. As
mentioned before, in order to generate staircase out-
put levels with the same steps and according to Table
2, the voltage of the capacitors have to be maintained
at the value of Vo1 = Voo = V.. Therefore, as shown
in Table 3, this inverter is able to generate five lev-
els of +Vy., +2Vy., 0, — V4. and —2V,. at the output.
Fig. 4 shows the generated output voltage waveforms
of the proposed inverter.

As shown in Fig. 4 and Table 3, there are two dif-
ferent switching patterns to generate voltage level of
+Vge and —Vy., which they can be used for charging
the capacitors. The voltage level of +V is generated
either when the switch S,99 is turned on and the out-
put voltage of other inverter legs are zero or while
the switch S,12 is turned on and the output voltage
of other inverter legs are zero. This state leads to
generate the voltage level of and charge the capacitor
of C';. Therefore, one of these two states is selected
based on the output voltage, the current direction
and kind of the load. Moreover, there is the same
explanation to generate voltage level of —Vj. that is
indicated in Table 3.

It is important to note that most of the industrial
loads are as resistive-inductive load. In this kind of
loads, there are phase shift between current and volt-
age waveforms. It means that in a time interval, the
output voltage is positive while the output current is
negative that leads to balance the capacitors voltage.
The output voltage and current of the considered in-
verter in Fig. 3 is shown in Fig. 5. As shown in this
figure, for instance in the time interval of (¢g,t1) the
output voltage is positive while its current is nega-

tive, so, the load current is toward to the capacitor
and it is charged. The control method of the proposed
inverter to charge and discharge of the capacitors is
completely analyzed in the next sub-section.

Table 3: Output Voltage of the Presented Topology

in Fig. 3.
states| turned on switches Vo1 Vo2 Vo
7
1 | Sa11,Sa12, Sa21, 845 | Veu 0 Ve
Sa11, 501275:11217 S/a22 0 +Vie
2 | Sa11,5a12,5,91, 5420 Ver | +Vae |[+Vae + Vo
T 7
3 S(’I117Sa1275‘121>sa22 0 0 0
Sall’ S0127Sa217 Sa22 0 0
7
4 Su.lll S(’L127Sa217 Sazz —Vie 0 _Vdc
5711, Sa12ys{l,217 5722 0 —Vea
5 Sa11:5a12, 8421, 5420 | =Vae | =Vea [—Vie — Voo
v, A V. +V,
v oerl Vorv,
T| Tt
-V, or-V, V or-V,,
v v,

Fig.4: The output voltage waveform of the proposed
cascaded multilevel inverter with two basic units.
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Fig.5: Output voltage and current waveforms of the
proposed cascaded multilevel inverter with two basic
units.

As mentioned in the previous section, there are
suitable states for charging the capacitors C'; and Cy
based on the load current waveform. As it is obvious
from Fig. 5, in the time interval of (to,¢1), the out-
put voltage is positive while its current is negative.
This means that, in this time interval, the direction
of the load current is toward to the capacitor. As
a result, by turning on the switch S;12 the voltage
level of +Vj, is generated at the output and the ca-
pacitor C is charged. This state is shown in Fig.
6(a). In the time interval of (t2,t3) that is shown in
Fig. 6(b), the output voltage and current are posi-
tive. This means that the current direction is toward
to the load, therefore, the voltage level of +Vj. is
generated when the switch S,20 is turned on. In this
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condition, it is impossible to charge the capacitor.
There are the same explanation to generate voltage
level of —Vj.. As shown in Fig. 5, in the time in-
terval of (t4,t5), the output voltage is negative while
the output current is positive. In this condition, the
direction of the output current is changed toward to
the capacitor. Therefore, by turning on the switch
S ., the output voltage will be equal to —Vy. and
the capacitor of Cy is charged. This state is shown
in Fig. 6(c). In the time interval of (tg,¢7) that is
shown in Fig. 6(d), the output voltage and current
are negative, so, the voltage of —Vj, is generated and
it is impossible to charge the capacitor of Cs. This
state is made when the switch S;H is turned on. The
time of charging and discharging of the capacitors in
the proposed cascaded inverters according to the Fig.
5 are summarized in Table 4.

| | — i
- 4 i
S Uovy Sa1m ° vy
- Vdc —— |
Veor 1 o
Sy Sai
(c) (d)

Fig.6: Output voltage and current polarities of the
proposed cascaded multilevel inverter with two ba-
sic units in different time intervals; (a) (to,t1); (b)

(t27t3)7' (C) (t4at5); (d)’ (t6at7)'

Table 4: The preferred solutions of ZDT problems.

Time interval System status Vo Capacitor states
0<t<tg Vo =0,i0 <0 0 constant
tg < t < t1 Vo > 0,ip < 0 Vol Charging of O]

T, <t<tiq Vo > 0,10 < 0 2V, Charging of C
tig <t < to Vo > 0ip > 0 2V, Charging of C}
iy <t < i3 Vo > 0ip > 0 Vi constant
Ty <t <ty Vo = 0ip > 0 0 constant
tg <t <ty Vo < 0ip > 0 — Voo Charging of Co
t5 <t < tog Vo < 0ig > 0 —2V,. Charging of Cyp
tr, <t < tg Vo < 0ip < 0 —2V,. discharging of Uy
tg <t < tr Vo < 0ip < 0 —Vie constant
iy <t < tg Vo = 0ip < 0 0 constant

It is pointed out that in order to charge the capac-
itors suitably, it is better to determine the maximum
and minimum voltage values of them (Vi,i, < Vo <
Vinax ). For instance, in order to generate voltage level
of +Vy. and charge the capacitor C7, the switching
pattern is selected as follows:

Sa12=1
Sa11=5a21=1, Sa20=0

9)

1f{i,<0 then

+0~2Vdc < T@f < +Vdc {
VCI < Vmin

In (5), (ref) is the sinusoidal reference signal that
is equal to:

ref = msin(wt + ¢) (10)

In (6), ¢ is the phase shift of the reference signal
and is the magnitude of this signal.

When the capacitor C; has been charged to the
value of +Vj,, in order to avoid increasing its voltage
value the below limitations are considered:

Sa12=0
Sa11=5.21=1, S420=0

(1)

The performance of the proposed control method
based on (5) and (7) to generate voltage level of +Vj,.
is shown in Fig.7. Otherwise, as shown in Fig. 6(b)
in the time interval of (to,t3), the capacitor of Cy
cannot be charged and the voltage level of +V, is
obtained as follows:

1fi, <0 then

+O-2Vdc S Tefg +Vdc {
VCl > vaax

Saza=1
Sa11=8421=1, S412=0
(12)
It is important to note that the control method to
generate other voltage levels is as same as the above
mentioned explanations.

It {fO.QVdcgre F< Ve then {
o >0

re;
0.2V 0.2V, < ref <+
re,
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i éallsullsam San
v, Ve <V,
min Comparator |—CL——min
Vel
Vmax Comparator Vo1 > Vinas . 2" ° >S’ °
Ve at1 Saz1 125,

Fig.7: Proposed control method to generate voltage
level of +Vy. and charge of the capacitor C.

4. COMPARING THE PROPOSED TOPOL-
OGY WITH THE CONVENTIONAL
TOPOLOGIES

The main aim of proposing the new capacitor
based cascaded multilevel inverter is increasing the
number of generated output voltage levels by using
lower number of power electronic devices. In order to
investigate the performance of the proposed topology,
a comparison is done between the proposed cascaded
multilevel inverter based on its three proposed algo-
rithm with the several conventional capacitor based
cascaded multilevel inverters. These comparisons are
based on the number of required dc voltage sources,
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switches and the capacitors. In addition, the amount
of blocked voltage by switches and the variety of the
value of used dc voltage sources are also considered
in this comparison. The proposed capacitor based
topology with its three algorithms that is shown in
Fig. 2(a) is considered by P; — Ps, respectively.

In [9], a cascaded multilevel inverter based on ca-
pacitor has been presented. This topology is as same
as the H-bridge multilevel inverter with this differ-
ence that a capacitor is used as one of the dc volt-
age sources. As a result, this topology consists of
minimum two bridges in which it includes of one dc
voltage source and one capacitor. There are two algo-
rithms to determine the magnitude of used dc volt-
age sources in this topology that are considered by
Ry, and R, in this comparison. The other capaci-
tor based cascaded multilevel inverter has been pre-
sented in [10]. In this topology, there are two ca-
pacitors in each bridge which are series-connected.
This topology with its algorithm is considered by R3
in this comparison. In addition, two other capacitor
based multilevel inverter have been presented in [11-
12]. These topologies consist of only one dc voltage
source and n numbers of capacitors. These topolo-
gies are considered as R4 and Rj, respectively. These
inverters are shown in Fig. 8.

Fig.8: The capacitor based multilevel inverters; (a)
presented topology in [9] (Ry) for Vo = Vg, V; =
2Wae j =1,2,---,n, (Ry) for Vo = V.,V = 3V
j=1,2,---,n; (b) presented topology in [10] (R3)
for Vi = 2Vye, 2Viyey ..., Vi = 2Vae ; (c) presented
topology in [11] (Ry) for Vi, = Vy; (d) presented
topology in [12] (Rs) for Vin = Vge.

Fig. 9 shows the number of used switches in
the proposed topology in comparison with the other
above mentioned multilevel inverters. As shown in
this figure, the proposed topology based on its third
proposed algorithm needs lower number of power
switches. The unidirectional power switches are used
in the proposed topology as same as other considered
multilevel inverters in this comparison. According
to the structure of the unidirectional power switches
that are mentioned before, the number of used IG-
BTs, diodes and driver circuits are also compared in
Fig. 9. According to Fig. 9, the proposed capacitor
based inverter needs lower number of these compo-
nents in comparison with the other above mentioned
topologies.
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Fig.9: Variation of Ngwitch versus Nieyer-

Fig. 10 compares the number of the required dc
voltage sources in the proposed topology and the con-
ventional capacitor based multilevel inverters. The
proposed topology needs lower number of dc voltage
sources in comparison with other above mentioned in-
verters except R4 and R5. This is due to use only one
dc voltage source in the topologies presented as Ry
and Rs. In addition, this advantage of the proposed
topology is remarkable especially when the third pro-
posed algorithm is used for.

Fig. 11 compares the number of the required ca-
pacitors in the proposed topology and the other above
mentioned multilevel inverters. The proposed topol-
ogy needs lower number of capacitors in comparison
with other inverters except R; and Rs. This is due
to use only one capacitor in the presented topology
as Ry and Ry. In addition, the considered inverters
as R4 and Ry that only one dc voltage source is used
in their topologies need higher number of capacitors
in comparison with the proposed topology.

The comparison of the value of the generated
blocked voltage by power switches in the proposed
topologies with other capacitor based inverters is
shown in Fig. 12. As shown in this figure, the pro-
posed inverter has minimum value of the blocked volt-
age in comparison with the other above mentioned
topologies. Fig. 13 compares the variety of the value
of dc voltage sources. As shown in this figure, the pro-
posed topology based on the first proposed algorithm
has better performance in relation to the others.

It is resulted that the proposed topology based on
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three algorithms needs minimum number of power
electronic devices. In addition, these topologies need
lower number of dc voltage source and capacitors in
comparison to the others. It is important to note
that, in some topologies only one dc voltage source
is used and in some of them only one capacitor is
used. Therefore, the other advantage of the proposed
topology is the same numbers of required dc volt-
age sources and capacitors that lead to decrease the
starting and maintenance cost of the inverter. In ad-

dition, the proposed inverter generates lower amount
of the blocked voltage by the power switches. This is
the other advantage of the proposed capacitor based
topology. It is important to note that all obtained re-
sults are also as same as the other proposed topology
that is shown in Fig. 2(b).

5. SIMULATION RESULTS

In order to verify the accuracy performance of the
proposed capacitor based cascaded multilevel inverter
to generate all voltage levels at the output, simula-
tion results in EMTDC/PSCAD software program
are used. The proposed cascaded inverter is shown
in Fig. 3. As shown in this figure, this inverter con-
sists of two proposed basic units, eight unidirectional
power switches, two dc voltage sources and two ca-
pacitors. The first proposed algorithm is considered
to determine the magnitude of voltage sources. Ac-
cording to obtained equation in Table 2, the volt-
age values of dc sources and capacitors are equal to
Vi = Vo = Vy. and Vo1 = Voo = Vy., respectively.
In addition, based on the equations of the maximum
number and amplitude of output levels from Table
2, this inverter has to be able to generate five lev-
els (two positive, two negative and one zero levels)
with the maximum amplitude of 440V at the out-
put if V4. = 110V. The capacitance of each capac-
itor is considered C' = 1000uF. In all process of
the simulation performance, the load is assumed as
resistive-inductive load (R — L) with the magnitudes
of R=13Q and L = 200mH. In this paper, the pro-
posed control method that is completely mentioned
in section 3 is used.

Fig. 14 shows the output voltage of each inverter
leg. As shown in Figs. 14(a) and 14(d), the maxi-
mum output voltage of the first and second inverter
legs is equal to 110V. In addition, based on the Figs.
14(b) and 14(c), the capacitors voltage of these in-
verters legs are maintained in the value of V. that is
equal to 110V. In other word, by considering the first
proposed algorithm, the capacitors voltage are max-
imally charged to the value of V. but if the second
proposed algorithms is considered, the capacitors will
be charged to the voltage value of 2V,.

The output voltage and current waveforms of the
proposed cascaded inverter are shown in Fig. 15. As
shown in Fig. 15(a), the proposed inverter is able to
generate five levels by using capacitors and dc volt-
age sources with the maximum amplitude of 220V at
the output. This result is obtained by using suitable
control method to charge and discharge the capaci-
tors. By comparing Figs. 15(a) and 15(b), it is clear
that the current waveform is near to ideal sinusoidal
waveform than voltage waveform and there is a phase
shift between voltage and current waveforms. These
differences are made because of the resistive-inductive
load feature that acts as a low pass filter.

In this simulation, in order to balance the ca-
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pacitors voltage and generate desirable output lev-
els, their maximum and minimum voltage values are
selected as 240V and 200V, respectively. The out-
put voltage waveforms of the capacitors are shown
in Figs. 16(a) and 16(b), respectively. As shown in
these figures, the capacitors voltage of C7 and Cs are
increased from their initial value that is equal to zero
to its maximum value that is equal to V. = 220V.
These figures also show that the variation of the ca-
pacitors voltage from starting to steady state takes
t = 0.8sec and after this time they will be maintained
at the constant values.

= Vi1l =Vi2[y]
110 110}
0 0
7.000 7.020 7.040 7060 7.000 7.020 7.040 7.060
(a) (b)
=211 =v2p
110 110
OUUUU DM
7.000 7.020 7.040 7060 7.000 7.020 7.040 7.060
(c) (d)

Fig.14: Output waveforms of the proposed five-level
inverter; (a) output voltage; (b) output current.

= Yol 40—kl
110 20
0 00
-110 20
220 40
7.00 7.000 7.020 7.040 7.000

(a) (b)

Fig.15: Output waveforms of the proposed five-level
inverter; (a) output voltage; (b) oulputl current.

- VCI[v -V [V
110 110
0
0
00 = 20 = 40 ' 60 80 00 = 20 ' 40 | 60 = 80
(a) (b)

Fig.16: The capacitors output voltages; (a) voltage
across Cy from starting to steady state; (b) wvoltage
across Co from starting to steady state.

6. EXPERIMENTAL RESULTS

To prove the correct operation of the proposed
topology and control method, the proposed topology
that is shown in Fig. 3 is implemented in laboratory

in the same conditions with the simulation. Fig. 17
shows the experimental results. As shown in this fig-
ure, there is a good agreement between the simulation
and experimental results. There is a small difference
in amplitudes due to using real components in prac-
tice.
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Fig.17: Experimental results; (a) output voltage;
(b) output current; (¢) voltage across switch S,y ; (d)
voltage across switch 5;12; (e) voltage across Ci in
steady state condition.
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7. CONCLUSIONS

In this paper, a new capacitor basic unit is pro-
posed. By using m numbers of the proposed basic
units, two kinds of cascaded multilevel inverters are
proposed. The main difference between these two
kinds of inverter is related to the location of the
capacitors in the basic unit. In order to generate
even and odd voltage levels at the output, three dif-
ferent algorithms are proposed. Minimum number
of used switches, IGBTs, diodes and driver circuits
are the main advantages of the proposed topologies
in comparisons with the many of the presented ca-
pacitor based multilevel inverters. In addition, the
proposed topologies need lower number of dc voltage
source and capacitors in comparison with the others.
These are due to consider the same number of re-
quired dc voltage sources and capacitors in the pro-
posed topologies that lead to decrease the starting
and maintenance cost of the inverter. In addition,
by considering the structure of the proposed topolo-
gies and their algorithms, the proposed inverters gen-
erate lower amount of blocked voltage by the power
switches. This is the other advantage of the proposed
capacitor based topologies. In this paper, Moreover,
a new control method to balance the capacitors volt-
age and generate all voltage levels is proposed. At the
end, a five-level inverter based on first proposed algo-
rithm and proposed control method are simulated in
EMTDC/PSCAD program to reconfirm the ability of
the proposed topology and its new control method in
generating all (even and odd) output voltage levels.
Moreover, to prove the performance of the proposed
topology, the experimental results are given.
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