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ABSTRACT This paper proposes a novel single-dc-source multilevel inverter called Packed E-Cell (PEC)
topology to achieve nine levels with noticeably reduced components count, while dc capacitors are actively
balanced. The nine-level PEC (PEC9) is composed of seven active switches and two dc capacitors that are
shunted by a four-quadrant switch to from the E-cell, and it makes use of a single dc link. With the proper
design of the corresponding PEC9 switching states, the dc capacitors are balanced using the redundant
charging/discharging states. Since the shunted capacitors are horizontally extended, both capacitors are
simultaneously charged or discharged with the redundant states, so only the auxiliary dc-link voltage needs
to be sensed and regulated to half of the input dc source voltage, and consequently, dc capacitors’ voltages
are inherently balanced to one quarter of the dc bus voltage. To this end, an active capacitor voltage balancing
integrated to the level-shifted half-parabola carrier PWM technique has been designed based on the redundant
charging/discharging states to regulate the dc capacitors voltages of PEC9. Furthermore, using the E-cell
not only reduces components count but also the proposed topology permits multi ac terminal operation.
Thus, five-level inverter operation can be achieved during the four-quadrant switch fault, which confers
to the structure high reliability. The theoretical analysis as well as the experimental results are presented
and discussed, showing the basic operation, multi-functionality, as well as the superior performance of the
proposed novel PEC9 inverter topology.

INDEX TERMS Nine-level Packed E-Cell (PEC), single-dc source inverter, single auxiliary dc-link
capacitors, multilevel converter, PUC converter, active rectifier, active filter, grid-connected converter.

I. INTRODUCTION concentrated on increasing the number of output voltage

Lately, Multilevel Voltage Source Inverters (MVSIs) have
been emerged as a competitive power converter in various
industrial applications including uninterruptible power sup-
ply, renewable energy integration, electrical drives, active
power filters, etc [1], [2]. MV SIs comprise more semiconduc-
tor devices, auxiliary capacitors powered by DC sources. The
latter not only produce more voltage levels but also capable
of operating at high power ratio as switches endure lower
voltage stress [3]. Neutral Point Clamped inverter (NPC), Fly-
ing Capacitors inverter (FC) and Cascaded H-Bridge (CHB)
appeared as the first generation of MVSIs promising topolo-
gies for industry over bipolar VSIs due to EMI and dv/dt
stress reduction, higher reliability and improved output volt-
age harmonic profile [4], [5].

Following development of MVSIs led by tremendous
researches that were oriented toward new topologies mainly
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levels [6]. As the primarily attempt and being inspired by con-
ceptual of CHB, the hybrid structures of conventional MV SIs
such as symmetrical and asymmetrical cascaded topology
were utilized for HB, NPC and FC to increase the number
of voltage levels and operate with higher efficiency [7]-[11].
The asymmetrical series connection of half and full bridge
has been proposed in [12] for the wide variation of DC-link
voltage and level doubling of the network. In [13], [14]
asymmetrical cascaded of HB of NPC and conventional two-
level inverters have been presented with advantages of low
switching frequency operation for high voltage cell and high
dynamic response. In [15] symmetrical and hybrid asymmet-
rical cascaded HB and NPC inverter have been compared to
investigate their performance from different point of view.
As well, a novel generalized circuit topology of the n-time
quadrupled hybrid NPC converter and a new decomposed
modulation method was proposed in [16], to multiply the
number of output voltage levels of the SL-HNPC through
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asymmetrical connection. In comparison to symmetrical
cascaded MV SIs which benefit the simple circuit’s topology
as similar VSIs are combined, the asymmetrical ones have
higher efficiency since more voltage levels are attained with
less number of cells. Despite this, hybridizing the conven-
tional MVSIs based on the symmetrical and asymmetrical
cascaded connection does not optimize the final MVSIs
design and it significantly increases number of components
and separated DC sources and consequently manufacturing
cost [15]. Recently, some novel inverter topologies have been
introduced to be used as an individual cell in symmetrical
and asymmetrical connections. In [17], [18] a square and an
envelope T-Type module has been presented for asymmetrical
MVSIs. The K-Type with two DC source has been also
reported in [19] to be used as a module for multilevel struc-
ture. However, they suffer from large number of main DC
source. Moreover, MVSIs with large number of DC sources
are limited to PV applications particularly when they are
configured in series [12], [20]. In [21]-[25] some innovative
MVSIs have been proposed to produce notable number of lev-
els as similar as sinusoidal waveform without using asymmet-
rical and symmetrical connections. But, they have complex
structure because of the number of semiconductor devices,
gate drivers, DC sources and voltage levels capacitors.
Hence, researchers have focused on establishing optimized
MYVSIs by making a tradeoff between number of compo-
nents, voltage levels, structure complexity and replacement of
DC sources by appropriate capacitors. Therefore, single-DC
source multilevel inverters have been extensively investi-
gated as a competitive and cost-effective topology over other
MVSIs which are also the most suitable structure to be used in
symmetrical and asymmetrical cascaded connection as each
cell has only one DC source [26]-[28]. However, balancing
auxiliary capacitors voltages in single-DC source inverter
remains a challenge that must be considered in the design
phase by providing adequate charging and discharging paths.
In case of single DC source MVSIs, the compact topology has
been recognized as a promising structure since the capacitor
voltage balancing can be achieved in easier approach and they
are much appropriate to be used as the individual cell for
series connection [29]. Among the compact MVSIs, single-
DC source well-known Packed U-Cell (PUC) inverter has
been lately attracting lots of attention due to its advantages
[30], [31]. PUC was introduced in [32], [33] as a hybrid topol-
ogy combining the advantages of FC and CHB in which the
U-Cell are placed in compact structure. PUC was optimally
designed using six switches and one DC capacitor to achieve
seven-level by adjusting the auxiliary capacitor to one third
of DC input voltage, or achieving five-level output voltage
while the capacitor voltage is self-balanced using redundant
switching states [34]. The main complicated issue of PUC
topology is capacitors voltages regulation when it is extended
to employ an important number of U-Cells. Since U-Cells
create individual auxiliary DC-link, capacitors are not simul-
taneously charging and/or discharging with the redundant
states for a particular voltage level. Thus, utilization of a
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complex controller is inevitable to achieve the capacitor volt-
age balancing in the extended PUC [35]. Even in the case of
external controller, as individual capacitors voltages should
be adjusted to different voltage levels, separate sensors are
needed to measure their voltages and consequently tuning the
weighting factors of voltages regulator controllers becomes
challenging.

In this paper, a novel single-DC source inverter is presented
where the U-Cells are replaced by E-Cell in the packed
structure; therefore, number of the auxiliary DC-link and
components are reduced by horizontal extension of shunted
capacitors. The proposed Packed E-Cell (PEC) inverter is a
deep pivotal modification on previously introduced Packed
U-Cell (PUC), which permitted to have higher capability in
which two U-Cells are replaced by one E-Cell; so, not only
nine voltage levels are achieved but also capacitors voltages
are actively balanced by redundant switching states. As a
result of using E-Cell and horizontal extension of capacitors,
both DC-link capacitors are simultaneously charged or dis-
charged with redundant states which can be effectively used
to guarantee capacitors voltages regulation without need of
external and complex controller. To this end, an active capac-
itor voltage balancing integrated into half parabola carrier has
been designed to use the redundant state for capacitor voltage
balancing. Moreover, only DC-link voltage needs to be regu-
lated to half of input voltage and the capacitors voltages are
inherently balanced to one quarter of main DC source voltage.
Another interesting feature of PEC9 is its capability of operat-
ing during fault occurrence on four-quadrant switch as a five-
or seven-level inverter depends on regulating DC-link to half
or one third of the input voltage. This feature recognizes PEC
as a reliable single-DC source converter as five/seven/nine-
level can optimally be designed and achieved compared to
other topologies. Therefore, in addition to the prominent
and exclusive advantages of PEC inverter, it can also cover
PUC operation and keeping its benefits because of hav-
ing multi AC terminal access. The proposed Packed E-Cell
inverter topology as well as the capacitors voltages balancing
method integrated to the modulation technique have been
filed as U.S. provisional patent application No. 62/728,734.
The Packed E-Cell inverter topology and switching states are
fully described in section II. Section III explains the proposed
active voltage balancing algorithm integrated into PWM tech-
nique. A comparative component study on nine-level invert-
ers is presented in section IV to prove the optimum design
of PEC9. Experimental results are presented and discussed in
section V meant to evaluate the capacitors active voltage bal-
ancing and converter performance under different operation
conditions.

Il. PROPOSED NINE-LEVEL PACKED E-CELL (PEC9)
A. PEC9 CIRCUIT TOPOLOGY

The proposed PECY structure is constituted by six active
bidirectional current devices S1, S2, S3, S4, S5 and S6;
one four-quadrant switch S7, one DC source Vdc, and two
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FIGURE 1. Proposed nine-level packed E-Cell (PEC9) inverter topology.

capacitors C1 and C2 to form nine-level single-phase con-
verter topology. The designed topology is based on the idea
of using E-Cell type of connection to develop the auxiliary
capacitor in a row horizontal structure as depicted in Fig. 1.
The four-quadrant type of switch is connected between the
midpoint of two capacitors and the inverter AC terminal point.
In E-Cell nine-level connection, DC capacitors are set in
row to create single auxiliary DC-link that both capacitors
can be charging and discharging accordingly. As a result,
both capacitors are synchronized during charging or discharg-
ing with redundant states required balancing the auxiliary
DC-link to inherently set the shunted capacitors voltages to
the desired voltage level. E-Cell also makes multi-output volt-
age levels due to the four-quadrant switches that five, seven
or nine-level are obtainable without changing the structure.

B. PEC9 SWITCHING STATES

With the right selection of switching states, each of Cy, C3
capacitors voltages (V1, V») is balanced to one quarter of DC
input voltage (V;.) so as PEC9 generates nine-level wave-
form. Table 1 shows switching states possibility of PEC9
inverter. Based on Table 1, switches (S, S4), (S2, S5) as well
as (83, S¢, S7) are operating as complementary.

The mechanism of charging and discharging shunted
capacitors C1, C> depends on the load current direction. If the
current flows into the capacitor from positive side, it is charg-
ing if notitis discharging. Also, the capacitor voltage does not
change if it is bypassed. The states of capacitors voltages are
illustrated in Table 1. They have one charging and discharging
state in £E/2 as a result of horizontal extension of auxiliary
DC-link. Indeed, this is one of the PEC advantages that can
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TABLE 1. PEC9 Switching States (1: Charging, |: Discharging, —: No

effect).
State (S1, S2, S35 S4y Ss, S6, S7) Tout C C,; Vout

1 1 00 01 10 >0 - - Vi=tE
2 1 00 01 01 >0 l - V-V i=+3E/4
3 1 01 01 00 >0 l l V-V 1-Vo,=+E/2
4 1 10 00 10 >0 1 T Vi +V,=+E/2
5 1 10 00 01 >0 - T V,=+E/4
6 000 1110 >0 - - 0
7 1 1100 00 >0 - - 0
8 000 11 01 >0 l - -V,--E/4
9 0101010 >0 1 1 -Vt Vi+V,=E/2
10 001 1100 >0 l l -V-V,=-E/2
11 01010 01 >0 - T -Vyt+V,=-3E/4
12 011 1000 >0 - - Va=-E
13 1 00 01 10 <0 - - Vi=tE
14 1 00 01 01 <0 1 - V-V i=+3E/4
15 1 01 01 00 <0 1 T V- V1-Vo,=+E/2
16 1 10 00 10 <0 l l V+V,=+E/2
17 1 10 00 01 <0 - l V,=+E/4
18 000 1110 <0 - - 0
19 I 110000 <0 - - 0
20 000 1101 <0 1 - -V,--E/4
21 0101010 <0 l l -Vt Vi+V=-E/2
22 001 1100 <0 1 1 -V,-V,=-E/2
23 010 1001 <0 - l -V t+V,=-3E/4
24 011 1000 <0 - - Va=-E

provide same charging and/or discharging states for both
capacitors by using the E-Cell. For output levels +E/4 and
+3E/4 one capacitor in charging or discharging condition,
they are not affected by the switching states of the levels 0
and £E. Fig. 2 depicts the conducting paths of capacitors for
the switching states of PEC9 as presented in Table 1. Note
that the upper switches (S; & S4) connected to the DC source
are switched at low frequency. The other switches operate
at the switching frequency. While two upper switches (S}
& S4) should withstand the DC input voltage, the auxiliary
DC-link voltage that is half of the DC input across the E-Cells
6 remaining switches; so, similar lower voltage switches can
be selected for high frequency part.

C. MULTI-LEVEL TERMINAL CAPABILITY OF

PEC9 TOPOLOGY

As mentioned, E-Cell provides multilevel output AC terminal
voltage where different number of voltage levels without
changing in topology is attainable which make PEC9 a reli-
able configuration. For example, PEC9 can continue its oper-
ation if a fault occurs on four-quadrant switch. In this case,
five or seven output voltage levels are achievable as DC-link
voltage is balanced to half or one third of DC supplies input
voltage. Assuming the open circuit state for four-quadrant
switch during fault occurrences, the capacitors are assumed as
one equivalent capacitor C, having half the value of Cy and
C; since they are connected in series. The DC-link voltage is
regulated to half by redundant switching states for five-level
inverter or to one-third using current controller to produce
seven voltage levels.

IlIl. PROPOSED PWM ACTIVE VOLTAGE BALANCING

A. E-CELL CAPACITORS VOLTAGES EQUATIONS

In order to design the voltage balancing control, the capaci-
tors charging and discharging formulation is firstly expressed
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FIGURE 2. Operating sequences of PEC9 inverter showing devices, shunted capacitors and DC link connection during the 12 operating sequences

forming according to the switching states possibility.

during one cycle for nine-level voltage operation. The capac-
itors voltages (V& V») equations are formulized based on
the output voltage (Vyy:), load current I,,; and capacitors
currents (/1, Ip). Since load current flows into and out of
the capacitors, during voltage levels (XE/4, +E/2, +3E/4),
Loy 1s then equal to /7 and I during these time intervals.
Using Table 1, the capacitors charging and discharging states
are shown for a predetermined nine-level waveform as it is
depicted in Fig. 3. As C1 and C; are forming the levels (£E/2,
+3E/2, —E/4) and (+E/4, +£E/2, —3E/4); then I; and I» can
be obtained as follow:

(a <t<ag)&(m —og <t<m—oar)
L) =Lu®: (@ +o <t<m+az)

&Q2m —az <t <2m —ay)
(a <t<a3)&(m —o3 <t<m—oap)
L) =1y : (T +or <t<m+ o)

&2 —ag <t < 2w —ap)

ey
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FIGURE 3. Split capacitors charging/discharging states in nine-level
voltage.

Considering I,,; is the division of the output voltage
(Vour) and load impedance (Z) as V,,;/Z. Where Z is con-
sidered generally as Z=R+jLw which mean any value can
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be assumed for the resistor and inductance. The angular
frequency (w) is also w = 2nf and f is fundamental fre-
quency which is assumed as 50 Hz or 60 Hz. The capacitors
currents can also be computed as a function of 1,,,; therefore
Eq. (1) will become:
(r <t<ag)&(m—oay <t < mT—an)
C (dvl(t))_—vf’%’(t) A 4o <t<m+az)

&Q2r —a3 <t <2m—aq)
(dj<t<az)&(m—a3 <t<m—oq)

Co(P20) _ You® . I (7 0y <t < 7+ 0ty)

&Q2mr —ag <t <2m —ap)
2

Presuming the nine-level voltage of Fig. 3 as a quarter
symmetry waveform, V,,,, is mathematically defined based
on its harmonics amplitudes (H,) using Fourier analysis
as:

o
Vou((t) = Y Hy sin(neot) 3)
n=1
By substituting Eq. (3) into Eq. (2), the capacitors volt-
ages are calculated by integrating Eq. (2) in time domain as
Eq. 4).

1
Vi = ZC1 nzl (H,, sin(nwt))dt “
V) = ZIC Z (H, sin(nwt))dt

According to Eq. (4), both capacitors follow the same for-
mulation and they can results in same voltage amplitude
if the time duration of both integral functions are equal.
Integration of the capacitors voltages V| and V; result into
a constant value imposed by ripple, which should be con-
trolled through proper switching states selections to keep both
voltages convergent to the same value. To this end, the volt-
age ripple of both capacitors must have same value in first
and second half cycles ([0,7] & [7, 27]), so as the capacitors
can be appropriately adjusted to the desired amplitude to
Vac/4. The capacitors voltages ripple are obtained for two
half cycles:

Vily
o3 oy
=V |n 7 (Z e cos(nwt) +Z e cos(nwt) )
%3 o3
Cl,Czin% Clin#
T+ %) H T+o3
—Aip
— () — cos(na)t) + —— cos(nwt) )
ZC] Z >
n=1 w4a; 1=l T+
Ciin=£ C1,GinEE
%)
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Valg
(%) a3
= V2|7T 7C, (Z —_— cos(na)t) —I—Z —_— cos(nwt) )
231 (%)
CzintTE Cl,Czin%
T+a3 00 H T+og
—4ipn
—_— cos(na)t) +» —— cos(nwt) )
ZCI Z >
n=1 ey =l T+o3
C1,GinZE Cyin=3E
(6)

Since the time duration for integral functions of Eq. (5) and
Eq. (6) is changed by changing the pulses width as a result
of changing the modulation index of switching technique,
the redundant switching state must be deal into a PWM
technique to adjust the charging and discharging time and
regulate the capacitors voltages to the desired amplitude level.
As it shown in Eq. (5) and Eq. (6), controlling both capacitors
voltages to the levels £E/2 leads to equal ripple values in both
of half cycle that consequently guarantee voltage balancing.
Indeed, both DC capacitors have same state for ££/2; how-
ever, only one of them is charged/discharged for £E/4 and
+3E/4. Since C; is charging in +3E/4 and discharging in
—E/4; so, by regulating capacitors voltages in levels £FE/2
using redundant switching states, charging and discharging
of C; would be equal in the +-3E/4 and —E/4; respectively.
Same procedure occurs for C; that is charging in —3E/4
and discharging in +E/4. Therefore, the redundant switching
states for middle levels (£E/2) adjust amount of charging and
discharging time and with respect to Eq. (5) and Eq. (6) to
keep capacitors voltages balanced to the desired DC levels
during a full cycle. Therefore, it is proven that DC-link capac-
itors of PEC inverter are perfectly balanced if a PWM control
is accordingly designed to integrate the redundant switching
states particularly ones regarding to the middle levels (£E/2)
with modulation technique.

B. PROPOSED ACTIVE CAPACITOR VOLTAGE BALANCING
PWM TECHNIQUE USING SINGLE VOLTAGE SENSOR

FOR AUXILIARY DC-LINK

It was mathematically discussed and proved in section III A
that the redundant switching states regarding to the middle
voltage levels (£E/2) are adequate to adjust the charging
and discharging time of capacitors and regulate their voltages
to one quarter of input DC voltage amplitude. Using the
performed capacitors voltages analysis, the corresponding
flowchart for active capacitor voltage balancing of PEC9
inverter has been drawn and shown in Fig. 4. Fig. 5 also
shows the block diagram of proposed active capacitor voltage
balancing algorithm approach integrated into the nine-level
PWM technique to regulate the capacitors voltages to one
quarter of DC input amplitude by controlling auxiliary
DC-link voltage. According to the designed active voltage
balancing PWM technique, the DC-link voltage that is the
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FIGURE 4. The designed flowchart for the active capacitor voltage
balancing of PEC9 inverter.
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FIGURE 5. The block diagram of the proposed single sensor active
voltage balancing method.

summation of both capacitors is measured by a single voltage
sensor, and then compared to half of DC input reference
voltage in order to find the error signal (AV'). Therefore, it is
not needed to control each DC capacitor separately. Using the
redundant switching state would balance the DC-link voltage
to E/2 and DC capacitors voltages are inherently regulated
to E/4. According to the proposed method, if A V>0 the
discharging states (3, 10, 16 & 21 for I,,;>0) and if AV<0
the charging states (4, 9, 15 & 22 for I,,;<0) are chosen
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for the voltage levels £E/2. By fluctuating between charging
and discharging in these two levels, the input DC voltage is
equally shared between capacitors during one full cycle that
each capacitor voltage is balanced to E/4. As well, since zero
voltage level has redundant states, they are used to reduce the
switching frequency. In this case, if the reference signal is
positive the state 6 is chosen and if it is negative the state
7 is used to generate zero voltage level. It must be mentioned
that for zero and +E voltage levels the current direction is not
considered because no capacitor is involved.

C. PWM TECHNIQUE USING HALF-PARABOLA

CARRIER

New carrier waveform for PWM technique based on
parabolic function has been designed to have better perfor-
mance in controlling voltage profile harmonic distortion at
lower switching frequency. Fig. 6 demonstrates the process
of generating parabolic carrier signals that is defined using
sinusoidal and pulse functions. Considering the frequency
of pulse function f; two times greater than the sinusoidal
function f> (fi=2f>) the half-parabola waveform is attained.
However, based on the frequency ratio between fi and f>,
various types of parabolic functions can be generated. The
factors K|, K» and K3 are also selected as 0.5, 1 and 0.25,
respectively. Fig. 7 displays the nine hybrid level shift-PWM
which consists of 8 carrier signals defined as half-parabolic
function with switching frequency identified as C,1, Cy2, Cr3,
Cr4, Crs, Cre, Cr7 & Crg and sinusoidal reference signal with
fundamental frequency as V.. Each carrier is used for the
firing signals of one voltage level so as by comparing Vs and
Cr1, Cr2, Cp3, Cra, Cr5, Crg, Cr7 and C,g the related pulses
for +E, +3E/4, +E/2, +E/4, —E/4, —E/2, —3E/4 and —E
are generated, respectively. Also, the zero level is generated
when V., is between C,4 and C,s.

VOLUME 7, 2019



M. Sharifzadeh, K. Al-Haddad: PEC Converter Topology Operation and Experimental Validation

IEEE Access

V ¢ Reference with fundamental frequency
1 B

0.8f M
0.61
0.4 ™
0.2

Carriers with switching firequency

0 /2 3n/2

-0.2f

YR

L
s\ NN AN
"N

FIGURE 7. 9level hybrid PWM with half-parabola vertically shifted
carriers.

T

Nd

S/

TABLE 2. Component Comparison among 9Level converters and PEC9.

Inverter DC Auxiliary  Power Diode Control
Type Sources Capacitor Switch Clamped Complexity
DSCC-HBC [36] 1 2 9 2 Low
Hybrid HB [37] 1 4 12 0 Low
DHANPC [38] 1 3 12 0 High
RDCANPC [39] 1 3 10 0 High
CSC [40] 1 1 10 0 Very high
CFC [41] 2 2 8 0 High
PUCY9 1 3 10 0 Very High
PEC9 1 1 7 0 Low

IV. PEC VERSUS OTHER RECENTLY PRESENTED
MULTILEVEL INVERTERS; COMPONENTS COMPARISON
Since PEC basic configuration has nine voltage levels, it is
compared to the innovative single-DC source nine-level
topologies which have been recently introduced. Table 2 lists
the components comparison among nine-level topologies pre-
sented in [36]-[41] and PEC9. Based on Table 2, PEC9 has
minimum number of active components (7 switches) and
an auxiliary DC-link compared to other recent presented
nine-level topologies. In comparison to nine-level PUC type,
the PEC9 not only requires one less power switches and
gate driver circuits, but also it reduces auxiliary DC-link
and voltage sensors that has the advantages of active voltage
balancing through redundant switching states without adding
external complex current controllers.

Fig. 8 also presents a general comparison among PEC
and other converters including CHB, NPC, FC and PUC as
well as some novel topologies in terms of total number of
passive and active components in comparable operation type
of multilevel structure. The comparative study for number
of components is done based on the number of levels (m)
generated at the converter output. Figures 8-a and 8-b display
the number of components and DC-link in PEC and other
studied converters, respectively. As a result of horizontal
extension capacitors through four-quadrant switch, the PEC
inverter requires minimum auxiliary DC-link, semiconductor
devices, and gate deriver circuits when it is configured to
generate more than nine-level as shown in Fig. 8. As a com-
parison among CHB, NPC, FC and PEC, the latter makes use
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FIGURE 8. Component comparison among multilevel topologies and PEC,
(a) number of active devices and gate driver circuits (b) number of
DC-link.

of fewer components, which decrease manufacturing cost.
As well, while PEC regulates the floating capacitors voltages
by redundant switching states, the NPC and FC need to use
complex controllers when operating with extended number
of levels. As for the CHB, one can notice that not only more
active devices are required; but also isolated DC-sources are
employed which confines it to renewable energy applications.
On the other hand, floating capacitors expansion in the form
of E-Cell notably decreases the number of auxiliary DC-link.
This will also lead to simultaneous capacitors charging or
discharging with redundant states that effectively guarantee
active voltage regulations with no need to complex addi-
tional external voltage controllers. As the number of levels
increase, there will be more switching states as the result of
E-Cell connection, which enhance the reliability of the PEC
structure.

V. EXPERIMENTAL VALIDATION AND ANALYSIS OF PEC9
In this section, the proposed PEC inverter topology and
designed active voltage balancing PWM technique has been
analyzed through experimental analysis. A prototype of
PECO9 inverter has been built and practically tested as an Unin-
terruptible Power Supply (UPS) application to evaluate its
performance under different operating conditions including
with and without voltage balancing method, switch fault con-
dition, changing modulation index, increased or decreased
of DC input voltage amplitude, and output load variations.
The considered output load is constituted of an R-L circuit.
The dSpace 1104 has been used as a fast prototyping real
time controller with sampling time 7y =20us to implement
the proposed active voltage balancing algorithm integrated
into PWM technique designed by half-parabola carrier wave-
forms. Load current, main and auxiliary DC-link voltages
are sensed by OPAL-RT high voltage/current measurement
and sent to ADC of dSpace 1104. The experimental system
parameters of PEC9 are listed in Table 3.

TABLE 3. PEC9 Parameters used for Experimental Tests.

DC bus voltage (V) 200V
Fundamental and switching frequency 60 Hz & 1500 Hz
Auxiliary capacitor capacitance (C; & C,) 2500 uF

Linear load; resistor and inductor (R & L) (40, 80) Q & 50 mH
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FIGURE 10. Experimental results of start-up mode of PEC9 operation
controlled by the proposed active voltage balancing PWM technique.

A. TEST1: MULTILEVEL VOLTAGE OPERATION

In order to ascertain the excellent performance of the pro-
posed active voltage balancing PWM method in regulating
the capacitors voltages to the desired level, PEC9 has been
operated with and without the designed technique under same
amplitude modulation index (MI=0.85). Fig. 9 illustrates the
experimental results of output voltage and current and Cy, Co
voltages for nine-level PEC inverter. As it was discussed in
section III A, the proposed active voltage balancing method
has been accordingly designed to control the DC-link voltage
to V4./2 by adjusting the charging and discharging time so
as the capacitors voltages are inherently balanced to Vy./4.
As can be seen from Fig. 9, the capacitors voltages are less
than desired level when the active voltage balancing is not
applied; however, they are accurately tracks the determined
amplitude and a perfect nine-voltage level waveform is then
shaped when PEC9 is run by the designed technique.
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FIGURE 11. Steady state nine-level voltage waveform along with
harmonic spectrum of nine- level output voltage and load current.

Afterwards, the start-up mode of PEC9 has been demon-
strated in Fig. 10 to prove that the proposed active voltage
balancing PWM technique is able to regulate the capacitors
voltages to V;./4 as auxiliary DC-link is charged up to V;./2.
The acquired results illustrates no pre-charged capacitors is
needed for the PEC topology with the proposed control tech-
nique. Fig. 11 also shows the zoom of Fig. 10 which confirms
that the capacitors voltages ripple is less than 5%. Also,
output voltage and current harmonic contents are depicted
when PEC is controlled by the proposed half-parabola PWM
technique with modulation index equal to 0.85 and an output
load R=802 and L=50mH. The detail amplitude of every
voltage and current harmonic order of nine-level PEC inverter
has been shown in Table 4.

As it was mentioned, PEC9 has the ability of generat-
ing multilevel voltage waveforms by applying appropriate
switching patterns. To further illustrate highly capability of
multilevel voltage operation PEC inverter, it has been tested
under switch fault condition by which the four-quadrant
switch is set to OFF state so nine-level PEC operates as
five-level inverter. Fig. 12 demonstrates the experimental
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TABLE 4. The amplitude of harmonic spectrum of nine- level output
voltage and load current of Fig. 11.

Voltage Harmonic Current Harmonic

(%) (%) (%) (%) (%) (%)

HO1 100.0 H g H37 0.5 HO1 100.0 H19 0.1 H37 01
HO2 0.2 H H38 0.5 HO2 0.1 H20 0.1 H38 0.1
HO3 0.5 H H39 1.2 HO3 1.2 H21 0.0 H39 0.2
HO4 0.7 H H40 0.1 HO4 0.1 H22 0.0 H40 0.1
HO5 0.4 H H41 0.7 HO5 0.3 H23 0.1 H41 03
H06 0.5 H24 4 H42 1.2 HO6 0.4 H24 0.1 H42 0.1
HO7 1.3 H H43 0.7 HO7 04 H25 0.1 H43 0.2
HO8 1.0 H H44 0.6 HO8 0.3 H26 0.2 H44 0.1
HO9 1.1 H H45 1.6 HO9 0.5 H27 0.1 H45 0.2
H10 0.9 H H46 0.8 H10 04 H28 0.1 H46 0.1
H11 A H H47 1.7 H11 03 H29 0.1 H47 0.1
H12 0.5 H H48 4.4 H12 0.2 H30 0.2 H48 0.3
H13 0.9 H H49 0.3 H13 0.1 H31 0.3 H49 0.1
H14 04 H H50 0.3 H14 0.1 H32 0.1 H50 0.2
H15 0.3 H H15 0.2 H33 0.2

H16 0.2 H34 H16 0.2 H34 0.1

H17 1.2 H35 2.5 H17 0.2 H35 0.3

H18 0.1 H36 1 H18 0.1 H36 0.2
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FIGURE 12. Experimental results of dynamic changes from nine- to
fivelevel voltages of PEC9 inverter under faulty four-quadrant switch
condition.

results of dynamic PEC9 operation including output volt-
age and current as well as DC capacitors voltages wave-
forms when the inverter immediately changes from nine-to
five-level operations. By turning OFF the four-quadrant
switch, both series connected capacitors C| and C, are con-
sidered as one and consequently five-level voltage is achieved
when DC-link voltage is kept balanced to V./2. There is no
transient between five- and nine-level output voltage opera-
tions of PEC inverter and the capacitors voltages are balanced
to V4./4 in both cases operations. In addition, experimental
results of five-level operation of PEC inverter shows variables
of Fig. 12 as well as the voltage and current harmonics
spectrum are depicted in Fig. 13. The details amplitude of
each voltage and current harmonic order of five-level oper-
ation of PEC inverter are listed in Table 5. Furthermore,
it needs to be mention that seven and eleven voltage levels
are also achievable through PEC9 topology; but, it requires
an external current controller to adjust the auxiliary DC-link
voltage to one third and two fifth of input DC voltage, respec-
tively. As can be seen from harmonic spectrum analysis of
five-and nine-level voltages, the THD has been obtained as
15.2% and 7.4%; respectively, when switching frequency is
1500 Hz. It must be noticed that S; and S4 are switched at the
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FIGURE 13. Steady state five-level voltage operation of PEC inverter along
with output voltage and load current harmonic spectrum.

TABLE 5. The amplitude of harmonic spectrum of five- level output
voltage and load current of Fig. 13.

Voltage Harmonic Current Harmonic

(%) (%) (%) (%) (%) (%)

HO01 100.0 H19 1.5 H37 1.0 Ho01 100.0 H19 0.5 H37 0.2
H02 1.1 H20 0.9 H38 1.6 HO2 0.0 H20 0.3 H38 04
HO3 1.4 H21 0.5 H39 1.8 HO3 1.1 H21 0.1 H39 0.3
H04 3.0 H22 1.7 H40 3.1 Ho4 1.6 H22 0.3 H40 0.4
HO5 2.3 H23 0.8 H41 49 HO5 0.9 H23 0.2 H41 0.2
H06 1.0 H24 1.4 H42 2.4 HO6 0.8 H24 0.2 H42 04
HO7 1.9 H25 04 H43 1.0 HO7 0.7 H25 0.2 H43 0.3
HO8 1.2 H26 1.5 H44 0.3 Ho8 0.1 H26 0.3 H44 0.3
HO9 4.3 H27 3.1 H45 2.8 HO9 1.4 H27 0.2 H45 0.2
H10 1.7 H28 0.9 H46 2.1 H10 0.6 H28 0.2 H46 0.4
H11 3.0 H29 1.7 H47 1.7 H11 1.0 H29 0.2 H47 0.1
H12 1.6 H30 0.8 H48 1.5 H12 0.1 H30 0.1 H48 0.2
H13 27 H31 15 H49 1.7 H13 0.9 H31 0.2 H49 0.0
H14 14 H32 0.5 H50 8.7 H14 0.3 H32 0.1 H50 0.5
H15 1.2 H33 0.2 H15 0.4 H33 0.2

H16 0.6 H34 14 H16 0.1 H34 0.2

H17 1.9 H35 24 H17 0.5 H35 0.1

H18 0.4 H36 0.3 H18 0.1 H36 0.2

fundamental frequency; whereas the remaining S», S3, Ss, Se,
S7, are fired at the switching frequency.

B. TEST2: MODULATION INDEX AND DC INPUT VOLTAGE
VARIATIONS

In order to investigate the reliability of the proposed active
voltage balancing method, the PEC9 inverter has been tested
for pulse width and input voltage changes. Fig. 14-a shows
PEC9 experimental results of output voltage, load currents
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FIGURE 14. Experimental results of nine-level voltage (Vq¢), load current
(lout) and split DC capacitors voltages (C; ;) of PECY, (a) modulation
index changes, (b) DC input variations.

and floating capacitors voltages while modulation index
changes from 0.75-t0-0.95 and the DC input voltage is fixed
to 200 V. As it is clear from Fig. 14-a, seven voltage
levels are obtained when modulation index (MI) is set to
0.75 since the reference sinusoidal signal is lower than last
carrier signals (C,; and C,g) to generate the ninth level that
is obtained for MI higher than 0.95. Moreover, the input
current is increased by changing modulation index from
0.75-t0-0.95 as the output voltage changes from seven-level
to nine-level. Despite modulation index changes, one can
notice capacitors voltages perfectly track their references and
remain balanced and equal to V;./4 without being affected by
transient while the capacitors voltages ripple is kept below
5%. Fig. 14-b displays the same results of PEC9 when
MI=0.85 kept constant, and DC source voltage increased
from 200V to 250V. As depicted in Fig. 14-b, once again the
capacitors voltages inherently track their reference of Vy./4
with voltage ripple below 5% which is acquired by control-
ling the DC-link voltage to V,4./2 using redundant switching
states.
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FIGURE 15. Experimental results of nine-level voltage (V,) load current
(Iout) and split DC capacitors voltages (C; ;) of PEC9 for load changes
from 40  to-80 @ and back to40 €.

C. TEST3: OUTPUT LOAD CHANGES

The floating capacitors regulated voltages has been tested
for output loads power and frequency variations to scrutinize
proposed active voltage balancing PWM based half-parabola
type of carrier signal. Fig. 15 shows experimental results of
output voltage, load current and floating capacitors voltages
when the load resistance changes from 40<2 to 80<2 and then
back to 402, while the inductive component remains constant
equal to 50 mH. According to Fig. 15, output load varia-
tions do not affect the split capacitors voltages regulations
neither the voltage ripple as they are balanced and equal to
the desired reference amplitude V4./2 with ripple less than
5%. Moreover, no transition or changing in DC capacitors
voltages ripple during the load variation can be observed.

VI. CONCLUSION

In this paper, a novel nine-level single-DC source Packed
E-Cell (PEC9) topology has been introduced as a promising
candidate for single-phase inverter suitable for symmetrical
and asymmetrical series of connection. The presented struc-
ture is indeed an optimized compact design topology which
permits the reduction of auxiliary DC-link and components
count by using E-Cell type of connection. Moreover, by hori-
zontal extension of auxiliary DC-link, in the form of E-Cells,
simultaneous charging or discharging with redundant state
are achieved that guarantees floating capacitors voltage bal-
ancing under all operating conditions. An active voltage-
balancing algorithm was integrated to the half parabola
carrier PWM based technique to efficiently regulate floating
capacitors voltages. It was also demonstrated that different
output stepped voltage waveforms are achievable without
changing in converter circuit design. The presented exper-
imental results of PEC9 validated its reliable performance
in keeping capacitors voltages balanced under different load
and source conditions that can emerge as a competitive
topology for various industrial standalone and grid-tied
applications.

VOLUME 7, 2019



M. Sharifzadeh, K. Al-Haddad: PEC Converter Topology Operation and Experimental Validation

IEEE Access

—— Voltage THD for Triangular Carrier
—— Voltage THD for Half parabola Carrier

20 -

Voltage THD (%)
@
T

5L I I I I I
0.4 0.5 0.6 0.7 0.8 0.9

Modulation Index

FIGURE 16. Voltage THD comparison of PEC9 inverter when triangular and
proposed half parabola carriers are separately used for PWM technique.

APPENDIX

A. CONVENTIONAL TRIANGULAR CARRIER VERSUS
PROPOSED HALF PARABOLA CARRIERS

In this paper, the half parabola waveform has been used as
the carrier signal in the designed active voltage balancing
PWM technique. Although any other carrier waveform could
be utilized, half parabola has some interesting advantages.
In comparison to the conventional triangular carriers, half
parabola leads to improve the total harmonic distortion of
voltage and current waveform. Fig. 16 displays the output
voltage THD obtained over a wide range of modulation index
when the half parabola and triangular carriers are used with
the same frequency in the proposed active voltage balancing
PWM technique to control PEC9 inverter. The inverter is
connected to the linear R-L load (R=802 and L=50mH)
in both case of operation. The results show that using half
parabola carrier reduces the voltage THD compared to the
traditional triangular one.

B. PEC9 VOLTAGE AND CURRENT THD

In order to evaluate the quality of generated voltage/current
waveform of PEC9 inverter using the designed half parabola
carrier for the switching method, their THD value has been
surveyed for a wide range of modulation index and different
power factors. Fig. 17 illustrates the voltage and current THD
while the modulation index changes from 0.4 to 1. The result
demonstrates that voltage and current THD are decreased
as modulation index is increased which confirms the perfor-
mance of the proposed half parabola PWM technique.

Fig. 18 also shows the current THD for different values
of linear resistor-inductance type of load. The value of resis-
tor (R) is 80 2 and the inductance values (L) have been
considered as (10, 20, 30, 40 & 50) mH and the current
THD has been obtained for each of these load condition
when modulation index is 0.8, 0.85, 0.9, 0.95 and/. As it is
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FIGURE 17. The obtained THD of voltage and current of PEC9 inverter for
wide range of modulation index when it is controlled by proposed half
parabola PWM technique.
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FIGURE 18. The attained current THD of PEC9 for different loads
condition and modulation index.

clear in Fig.18, the current THD is significantly decreased by
raising amplitude modulation index as well as increasing the
inductance load value which acts as a filter.

C. DC-LINK CAPACITORS VOLTAGES RIPPLE

An active capacitor voltage balancing based half parabola
PWM technique was designed to guarantee the desired
regulation performance of DC-link capacitors voltages of
PEC9 by adjusting the charging and discharging time using
the redundant switching states of middle voltage level (£E/2).
The various experimental tests of PECO illustrated that the
proposed balancing technique is perfectly able to balance
the capacitor voltage to one quarter of input DC voltage
with acceptable voltage ripple below 5% under different
operation conditions. Fig. 19 displays simulation results of
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FIGURE 19. The capacitors voltages ripple of PEC9 while the modulation
index changes from 0.4 to 1.1.

PEC9 inverter including DC capacitors voltages, output volt-
age and current when the modulation index varies for a vast
range from 0.4 to I. As it is clear, the capacitor voltages

are
the

balanced with voltage ripple kept less than 5% while
modulation index changes in a wide range. Number of

voltage levels has been increased from five- to seven- and
to nine-level as a result of raising modulation index. The
output current has been also increased consistent with rising
of number of voltage levels.

REFERENCES

[1]

[2

[3]

[4]

[5]

[6]

[71

[8]

[91

M. Norambuena, S. Kouro, S. Dieckerhoff, and J. Rodriguez, “Reduced
multilevel converter: A novel multilevel converter with a reduced num-
ber of active switches,” IEEE Trans. Ind. Electron., vol. 65, no. 5,
pp. 3636-3645, May 2018.

H. Vahedi, A. A. Shojaei, L.-A. Dessaint, and K. Al-Haddad, “Reduced
DC-link voltage active power filter using modified PUCS5 converter,” IEEE
Trans. Power Electron., vol. 33, no. 2, pp. 943-947, Feb. 2018.

H. Aburub, J. Holtz, and J. Rodriguez, ‘“Medium-voltage multilevel
converters-state of the art, challenges, and requirements in industrial
applications,” IEEE Trans. Ind. Electron, vol. 57, no. 8, pp. 2581-2596,
Dec. 2010.

N. Arun and M. M. Noel, “Crisscross switched multilevel inverter using
cascaded semi-half-bridge cells,” IET Power Electron., vol. 11, no. 1,
pp. 23-32, Jan. 2017.

E. Babaei and S. Laali, “Optimum structures of proposed new cascaded
multilevel inverter with reduced number of components,” IEEE Trans. Ind.
Electron., vol. 62, no. 11, pp. 6887-6895, Nov. 2015.

R. Barzegarkhoo, E. Zamiri, N. Vosoughi, H. M. Kojabadi, and
L. Chang, “Cascaded multilevel inverter using series connection of novel
capacitor-based units with minimum switch count,” IET Power Electron.,
vol. 9, no. 10, pp. 2060-2075, Aug. 2016.

R. Castillo, B. Diong, and P. Biggers, “Single-phase hybrid cascaded
H-bridge and diode-clamped multilevel inverter with capacitor voltage
balancing,” IET Power Electron., vol. 11, no. 4, pp. 700-707, Apr. 2017.
P. Roshankumar, P. P. Rajeevan, K. Mathew, K. Gopakumar, J. I. Leon, and
L. G. Franquelo, ““A five-level inverter topology with single-DC supply by
cascading a flying capacitor inverter and an H-bridge,” IEEE Trans. Power
Electron., vol. 27, no. 8, pp. 3505-3512, Aug. 2012.

P. R. Kumar, R. S. Kaarthik, K. Gupakumar, J. I. Leon, and
L. G. Franquelo, “Seventeen-level inverter formed by cascading flying
capacitor and floating capacitor H-bridges,” IEEE Trans. Power Electron.,
vol. 30, no. 7, pp. 3471-3478, Jul. 2015.

93060

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

A. Nami, F. Zare, A. Ghosh, and F. Blaabjerg, “A hybrid cascade
converter topology with series-connected symmetrical and asymmetrical
diode-clamped H-bridge cells,” IEEE Trans. Power Electron., vol. 26,
no. 1, pp. 51-65, Jan. 2011.

L. He and C. Cheng, “A flying-capacitor-clamped five-level inverter based
on bridge modular switched-capacitor topology,” IEEE Trans. Ind. Elec-
tron., vol. 63, no. 12, pp. 7814-7822, Dec. 2016.

S. K. Chattopadhyay and C. Chakraborty, “A new asymmetric multi-
level inverter topology suitable for solar PV applications with varying
irradiance,” IEEE Trans. Sustain. Energy, vol. 8, no. 4, pp. 1496-1506,
Oct. 2017.

S. Mariethoz, “Systematic design of high-performance hybrid cascaded
multilevel inverters with active voltage balance and minimum switching
losses,” IEEE Trans. Power Electron., vol. 28, no. 7, pp. 3100-3113,
Jul. 2012.

S. Mariéthoz, “Design and control of high-performance modular hybrid
asymmetrical cascade multilevel inverters,” [EEE Trans. Ind. Appl.,
vol. 50, no. 6, pp. 4018-4027, Nov./Dec. 2014.

D. A. B. Zambra, C. Rech, and J. R. Pinheiro, “Comparison of neutral-
point-clamped, symmetrical, and hybrid asymmetrical multilevel invert-
ers,” IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2297-2306, Jul. 2010.
M. Abarzadeh and K. Al-Haddad, “Generalized circuit topology of Qn-
hybrid-NPC multilevel converter with novel decomposed sensor-less mod-
ulation method,” IEEE Access, vol. 7, pp. 59813-59824, 2019.

E. Samadaei, A. Sheikholeslami, S.-A. Gholamian, and J. Adabi, “A square
T-type (ST-Type) module for asymmetrical multilevel inverters,” [EEE
Trans. Power Electron., vol. 33, no. 2, pp. 987-996, Feb. 2018.

E. Samadaei, S. A. Gholamian, A. Sheikholeslami, and J. Adabi, “An enve-
lope type (E-type) module: Asymmetric multilevel inverters with reduced
components,” IEEE Trans. Ind. Electron., vol. 63, no. 11, pp. 7148-7156,
Nov. 2016.

E. Samadaei, M. Kaviani, and K. Bertilsson, “A 13-levels module (K-
Type) with two DC sources for multilevel inverters,” IEEE Trans. Ind.
Electron., vol. 66, no. 7, pp. 5186-5196, Jul. 2019.

X.Zhang, T. Zhao, W. Mao, D. Tan, and L. Chang, “Multilevel inverters for
grid-connected photovoltaic applications: Examining emerging trends,”
IEEE Power Electron. Mag., vol. 5, no. 4, pp. 32-41, Dec. 2018.

M. Saeedian, J. Adabi, and S. M. Hosseini, ‘“Cascaded multilevel inverter
based on symmetric—asymmetric DC sources with reduced number of com-
ponents,” IET Power Electron., vol. 10, no. 12, pp. 1468-1478, Oct. 2017.
H. Samsami, A. Taheri, and R. Samanbakhsh, ‘“New bidirectional multi-
level inverter topology with staircase cascading for symmetric and asym-
metric structures,” [ET Power Electron., vol. 10, no. 11, pp. 1315-1323,
Sep. 2017.

S. S. Lee, M. Sidorov, C. S. Lim, N. R. N. Idris, and Y. E. Heng, “Hybrid
cascaded multilevel inverter (HCMLI) with improved symmetrical 4-level
submodule,” IEEE Trans. Power Electron., vol. 33, no. 2, pp. 932-935,
Feb. 2018.

M. Farhadi Kangarlu and E. Babaei, ““Cross-switched multilevel inverter:
An innovative topology,” IET Power Electron., vol. 6, no. 4, pp. 642-651,
Apr. 2013.

A. Mokhberdoran and A. Ajami, “Symmetric and asymmetric design
and implementation of new cascaded multilevel inverter topology,” IEEE
Trans. Power. Electron., vol. 29, no. 12, pp. 6712-6724, Dec. 2014.

A. Taghvaie, J. Adabi, and M. Rezanejad, ““A self-balanced step-up multi-
level inverter based on switched-capacitor structure,” IEEE Trans. Power
Electron., vol. 33, no. 1, pp. 199-209, Jan. 2018.

A. Taghvaie, J. Adabi, and M. Rezanejad, “‘A multilevel inverter structure
based on a combination of switched-capacitors and DC sources,” IEEE
Trans. Ind. Informat., vol. 13, no. 5, pp. 2162-2171, Oct. 2017.

A. Taghvaie, J. Adabi, and M. Rezanejad, ““Circuit topology and operation
of a step-up multilevel inverter with a single DC source,” IEEE Trans. Ind.
Electron., vol. 63, no. 11, pp. 6643-6652, Nov. 2016.

X. Xiang, X. Zhang, T. Luth, M. M. C. Merlin, and T. C. Green, “A com-
pact modular multilevel DC-DC converter for high step-ratio MV and HV
use,” IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 7060-7071, Sep. 2018.
H. Vahedi, M. Sharifzadeh, and K. Al-Haddad, ‘‘Modified seven-level pack
U-cell inverter for photovoltaic applications,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 6, no. 3, pp. 1508-1516, Sep. 2018.

A. N. Babadi, O. Salari, M. J. Mojibian, and M. T. Bina, ‘“Modified
multilevel inverters with reduced structures based on PackedU-cell,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 6, no. 2, pp. 874-887, Jun. 2017.

VOLUME 7, 2019



M. Sharifzadeh, K. Al-Haddad: PEC Converter Topology Operation and Experimental Validation

IEEE Access

[32] Y. Ounejjar, K. Al-Haddad, and L.-A. Gregoire, ‘“‘Packed U cells multilevel
converter topology: Theoretical study and experimental validation,” JEEE
Trans. Ind. Electron., vol. 58, no. 4, pp. 1294-1306, Apr. 2011.

[33] Y. Ounejjar, K. Al-Haddad, and L. A. Dessaint, “A novel six-band hys-
teresis control for the packed U cells seven-level converter: Experimental
validation,” IEEE Trans. Ind. Electron., vol. 59, no. 10, pp. 3808-3816,
Oct. 2012.

[34] H. Vahedi, P-A. Labbé, and K. Al-Haddad, ‘““Sensor-less five-level
packed U-cell (PUCS) inverter operating in stand-alone and grid-connected
modes,” IEEE Trans. Ind. Informat., vol. 12, no. 1, pp. 361-370, Feb. 2016.

[35] H. Vahedi and K. Al-Haddad, ‘Real-time implementation of a seven-level
packed U-cell inverter with a low-switching-frequency voltage regulator,”
IEEE Trans. Power Electron., vol. 31, no. 8, pp. 5967-5973, Aug. 2016.

[36] J.Liu,J. Wu, J. Zeng, and H. Guo, ““A novel nine-level inverter employing
one voltage source and reduced components as high-frequency AC power
source,” [EEE Trans. Power Electron., vol. 32, no. 4, pp. 2939-2947,
Apr. 2017.

[37] K. Wang, Z. Zheng, D. Wei, B. Fan, and Y. Li, “Topology and capaci-
tor voltage balancing control of a symmetrical hybrid nine-level inverter
for high-speed motor drives,” IEEE Trans. Ind. Appl., vol. 53, no. 6,
pp. 5563-5572, Nov./Dec. 2017.

[38] N. Sandeep and U. R. Yaragatti, ““Operation and control of an improved
hybrid nine-level inverter,” IEEE Trans. Ind. Appl., vol. 53, no. 6,
pp. 5676-5686, Nov./Dec. 2017.

[39] N. Sandeep and U. R. Yaragatti, “Design and implementation of active
neutral-point-clamped nine-level reduced device count inverter: An appli-
cation to grid integrated renewable energy sources,” IET Power Electron.,
vol. 11, no. 1, pp. 82-91, Jan. 2018.

[40] H. Vahedi, K. Al-Haddad, Y. Ounejjar, and K. Addoweesh, ‘““Crossover
switches cell (CSC): A new multilevel inverter topology with maximum
voltage levels and minimum DC sources,” in Proc. 39th Annu. Conf. IEEE
Ind. Electron. Soc., Nov. 2013, pp. 54-59.

[41] A. Kshirsagar, R. S. Kaarthik, K. Gopakumar, L. Umanand, and
K. Rajashekara, “Low switch count nine-level inverter topology for
open-end induction motor drives,” IEEE Trans. Ind. Electron., vol. 64,
no. 2, pp. 1009-1017, Feb. 2017.

MOHAMMAD SHARIFZADEH was born in Sari,
Iran, in 1989. He received the B.Sc. and M.Sc.
degrees in power electrical engineering from the
Babol Noshirvani University of Technology (NIT),
Babol, Iran, in 2012 and 2015, respectively. He is
currently pursuing the Ph.D. degree in power elec-
trical engineering with the Ecole de technologie
supérieure (ETS), University of Quebec, Montreal,
Canada.

He is also a member of the Groupe de
recherche en électronique de puissance et commande industrielle (GREPCI).
His research interests include power electronics multilevel converters,
topologies, switching techniques, particularly selective harmonic elimina-
tion/mitigation techniques and advanced control of multilevel voltage source
inverters in grid connected applications, as well as optimization methods
applications in power systems.

VOLUME 7, 2019

KAMAL AL-HADDAD (S’82-M’88-SM’92—
F’07) received the B.Sc.A. and M.Sc.A. degrees
in electrical engineering from the University of
Québec a Trois-Rivieres, Canada, in 1982 and
1984, respectively, and the Ph.D. degree in elec-
trical engineering from the Institute National
Polytechnique, Toulouse, France, in 1988. Since
1990, he has been a Professor with the Electrical
Engineering Department, Ecole de technologie
supérieure (ETS), Montreal, QC, Canada, where
he has been the Canada Research Chair in Electric Energy Conversion and
Power Electronics, since 2002. He has supervised more than 170 Ph.D. and
M.Sc.A. students working in the field of power electronics. He is also a
Consultant and has established very solid link with Canadian industries.
He has coauthored more than 600 transactions and conference papers and two
books. His research interests include high-efficient static power converters,
active-hybrid power filters, grid connect, and multilevel converters, including
modeling, control, and development of prototypes for various industrial
applications. He is also a member of the Academy of Science, a Fellow of the
Royal Society of Canada, and a Fellow Member of the Canadian Academy
of Engineering. He was a recipient of the Dr.-Ing. Eugene Mittelmann
Achievement Award. He was the IEEE IES President, from 2016 to 2017.
He is also an IES Distinguished Lecturer.

93061



	INTRODUCTION
	PROPOSED NINE-LEVEL PACKED E-CELL (PEC9)
	PEC9 CIRCUIT TOPOLOGY
	PEC9 SWITCHING STATES
	MULTI-LEVEL TERMINAL CAPABILITY OF PEC9 TOPOLOGY

	PROPOSED PWM ACTIVE VOLTAGE BALANCING
	E-CELL CAPACITORS VOLTAGES EQUATIONS
	PROPOSED ACTIVE CAPACITOR VOLTAGE BALANCING PWM TECHNIQUE USING SINGLE VOLTAGE SENSOR FOR AUXILIARY DC-LINK
	PWM TECHNIQUE USING HALF-PARABOLA CARRIER

	PEC VERSUS OTHER RECENTLY PRESENTED MULTILEVEL INVERTERS; COMPONENTS COMPARISON
	EXPERIMENTAL VALIDATION AND ANALYSIS OF PEC9
	TEST1: MULTILEVEL VOLTAGE OPERATION
	TEST2: MODULATION INDEX AND DC INPUT VOLTAGE VARIATIONS
	TEST3: OUTPUT LOAD CHANGES

	CONCLUSION
	CONVENTIONAL TRIANGULAR CARRIER VERSUS PROPOSED HALF PARABOLA CARRIERS
	PEC9 VOLTAGE AND CURRENT THD
	DC-LINK CAPACITORS VOLTAGES RIPPLE

	REFERENCES
	Biographies
	MOHAMMAD SHARIFZADEH
	KAMAL AL-HADDAD


