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Multilevel Inverter Topology for Renewable Energy
Grid Integration

Sid-Ali Amamra, Kamal Meghriche, Abderrezzak Cherifi, and Bruno Francois, Senior Member, IEEE.

Abstract—In this paper, a novel three-phase parallel grid
connected multilevel inverter (MLI) topology with a novel switch-
ing strategy are proposed. This Inverter is intended to feed a
microgrid from renewable energy sources (RES) to overcome the
problem of the polluted sinusoidal output in classical inverters
and to reduce component count, particularly for generating a
multilevel waveform with a large number of levels. The proposed
power converter consists of n two-level (n + 1) phase inverters
connected in parallel, where n is the number of RES. The more
the number RES, the more the number of voltage levels, the
more faithful is the output sinusoidal wave form. In the proposed
topology, both voltage pulse width and height are modulated and
pre-calculated by using a pulse width and height modulation
(PWHM) so as to reduce the number of switching states (i.e.
switching losses) and the total harmonic distortion (THD).
The topology is investigated through simulations and validated
experimentally with a laboratory prototype. Compliance with
the IEEE 519-1992 and IEC 61000-3-12 standards is presented
and an exhaustive comparison of the proposed topology is made
against the classical cascaded H-bridge topology.

Index Terms—Multilevel Inverter, conventional inverter topolo-
gies, Six level inverter, Pulse width and height modulation, THD
optimization, power quality, grid integration, renewable energy
sources.

I. INTRODUCTION

URRENTLY, there are over 300 GW of wind power

generation and over 110 GW photovoltaic generation
installed worldwide. Renewable power plants of more than
10 MW in capacity become a reality [1]. However, the
renewable energy sources have highly variable daily and
seasonal patterns, and consumer power demand requirements
are also extremely variable in nature [2]. Therefore, it is
difficult to operate a stand-alone power system supplied from
only one type of renewable energy source unless appropriate
energy storage facilities. If enough energy storage capacity is
not available, especially in medium to large-scale systems, a
grid-connected renewable power generation may be the only
practical solution [3].

For grid integration, the use of simple conventional inverter,
two level, produces a square wave which is not suitable for
most of the intricate applications. In such cases, a pure sinu-
soidal wave is desired. Even more, the traditional converters
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rating power are limited to the rated power of the used semi-
conductor devices and the allowed switching frequencies [4].
Conventional inverters based on power-frequency transformers
operating at 50 or 60 Hz and AC filters are generally used in
renewable power generation systems to step up the voltage
to the grid voltage levels of 6-36 kV and to reduce the
voltage THD respectively. High investment and installation
costs are required because of its heavy weight and large
size [S]. With the arrival of new high-power semiconductor
devices, new power converter structures are designed to meet
the needs of future medium or high-voltage converter systems.
In this highly active area, the modular multilevel cascaded
(MMC) converter topologies and circuits have attracted a high
degree of attention for their application in medium and high-
voltage systems [6], [7], [8]. The component numbers of
MMC converters grow up linearly with the number of levels,
individual modules are identical and modular in construction
thereby enabling the attainability of a high level number
[9]. However, the MMC converter requires balanced multiple-
isolated dc sources [10], [11]. Accordingly, its application is
not straightforward, especially in renewable power generation
systems.

From the Multilevel Inverter side, challenges are nowadays
focused on increasing the inverter efficiency [12], [13], [14],
improving the power quality and inverter efficiency by reduc-
ing THD, decreasing conduction and switching losses to name
but a few [15], [16]. However, switching losses are higher
than conduction losses and are proportional to the number of
switching states [17], [18].

A good survey on multilevel dc-ac power converter topolo-
gies is given in [19], [20]. However, all these methods require
a high switching frequency leading to increasing switching
losses [21]. So, for practical implementation, the reduce of
switching frequency is very essential also [22].

This work presents a novel three-phase parallel grid con-
nected multilevel inverter topology with (2n? — 2) levels in
the line output voltage waveform, to feed microgrid with
n renewable energy sources with an optimized THD. The
proposed inverter consists of a parallel connection of n two-
level (n + 1) phase inverters. Each stage of classic inverter
is fed from a renewable energy source, for PV array through
a DC-DC converter and for wind power through a AC-DC
converter. A six level inverter application has been built in
this work, the topology needs six legs (2 cascaded power
switches per leg) fed by two renewable energy sources (i.e.
wind energy and PV energy) and controlled by a pulse width
and height modulation technique. It uses only 12 switching
states per period and allows to eliminate from 2"¢ up to
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10*" order harmonics without an extra filtering circuit. This
approach reduce significantly the number of required power
switches and the switching frequency as compared to the
classical topologies. Moreover, the proposed topology shows
similarities with the Cascaded H-bridge (CHB) topology in
two ways: 1) It needs multiple isolated input dc voltages; and
2) input dc voltage levels can be combined into all additive
values. The proposed topology and the related analysis along
with simulation and experimental verification is the main
contribution of this work.

The paper is organized as follows. Section II describes
the generalized topology of the proposed multilevel inverter.
In section III, a six level inverter application is studied and
discussed, a selected harmonic elimination method is dis-
cussed. In section IV the simulation and experimental results
along with their compliance to various international standards
are validated. A comparison of the proposed topology with
classical topologies is presented in Section V. Conclusions
are summarized in section VL

II. GENERALIZED MULTILEVEL INVERTER TOPOLOGY
AND OPERATING PRINCIPLE

Fig.1 shows the generalized three-phase multilevel inverter
topology. It consists of n renewable sources (n DC sources)
feeding microgrid. In general, the DC voltage sources can
have different values. However, in order to optimize the total
harmonic order of the multilevel output waveform, they are
considered to be optimized, and regulated through DC-DC or
AC-DC converters. The multilevel inverter consists of 2n2+2n
power switches, so 4n? + 4n insulated gate bipolar transistors
(IGBT) with antiparallel diodes S; ; (1 <i<2n ,1<j<
(n+1)). For instance, when S1; and S are turned ON, the
output voltage U,y is equal to Fy, when S11, So4, S34, Sas,
Ss3 and Sgo are turned ON the output voltages Ugp, Upe and
Uy are By + E5 + E3, —F35 and —FEs — E; respectively.
AsUgp + Upe + U,e = 0 for each switching state, so a
balanced system is obtained. Following the same combination,
n?+2(n — 1) possible levels (E1, Eo, (E1 + Es), Es, .....Ey)
for the output waveform are obtained. Therefore, the switches
have to withstand both positive and negative voltages. In
addition, the switches have to conduct backward current that
is a result of the grid inductive nature. It can be concluded
that the switches must be bidirectional. There are several
circuit configurations for bidirectional switches In this study,
the common emitter topology is used as it, requires only one
gate driver per switch. Table I shows the states of the switches
for each output voltage value, 1 corresponds to the switch
ON state, 0 corresponds to the OFF state and k is variable
according to the switching state.

By considering Fig. 1, 2n?+2n states are obtained, but some
switching states are not allowed, to avoid a short circuits of
renewable energy sources and/or output voltage, so:

-Sk]‘and S(k+1)J(k = 1,3,5, 2(’[’L — 1), j =1: (n + 1))
can not be ON in the same time to avoid a short circuit of
renewable energy sources.

-Sikand Sj41)( 7 =1: 2n, andk = 1 : 3) can not be ON
in the same time to avoid short circuit of output voltages.

So, for each value of the output multilevel voltages, 2n
switches must be turned ON, two from each renewable energy
source corresponding inverter.

By considering Fig. 1,

Nasien ={ o ot 0
Nariver = Nswitch 2

NieBr = 2Nswitch (3)
Nsource =1 “4)

Where’ Nswitch s Ndriver s NIGBT > and Nsou'r‘ce are
respectively the number of switches, number of switch drivers,
number of IGBTs and number of renewable energy sources.

In addition, the number of levels synthesized by the topol-
ogy is given by

Nievet = N = 2n* — 2 %)

The peak voltage attained for such a configuration is given
by

Umaz = er E; (6)

By considering Fj, as connection function of switch S,

SO

By using (7) and physical connection of the inverter, the
electric potential at the output points a, b and c of the inverter
with respect to the virtual neutral are deduced (see eq. 8).

The output phase-to-phase voltages can be obtained by
using (8):

0 if switch S;;is turned OFF

1 if switch S;;is turned ON )

Uab = Vao — Vio 1 -1 0 Vao
Upe=Veo—=Veo =| 0 1 =1 | Vyp ©))
Uca = Ve0o — VaO -1 0 1 ch()
III. A S1x LEVEL INVERTER APPLICATION
CONSIDERATIONS
The six-level topology shown in Fig. 2 uses two
renewable sources (as wind and solar emulators),

which represented by two voltage sources FE; and FEs
across the two capacitors (Cpand C3). In this case
n = 2, from (1) this topology requires 12 switches
(S11, S12, 513, S21, S22, S23, 531, S32, S33, Sa1, S12, Sa3) and
from (3) the topology will require 24 IGBTs.

From (8) the electric potential at the output points a, b
and c¢ of the inverter referred to a virtual neutral potential
are deduced (10):

Vao = (Fsu - FS21)E1 + (F531 - FS41)E2
Voo = (Fslz - F522)E1 + (F532 - FS42)E2
Veo = (F513 - FSQ3)E1 + (F533 - FS43)E2

(10)
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Fig. 1. Proposed generalized multilevel inverter topology
TABLE I
OUTPUT VOLTAGES FOR DIFFERENT STATES OF SWITCHES
Switches states
tat Uab Ue Uca
State | g 5% [ 55 [ Su Sitwin) | S | Sez | Sos | Sea Satmrn) | St | Suz | Sus | St Sunin) ! !
1 1 oo o 0 oo o1 0 o 1]0 ] o 0 STE | -5t B | -y, Ei
2 oo o]o 0 0o ] oo 0 0] 1] 0] o0 0 [ E | -y E | -y E
N T oo To ] o [oli i Tol~] o [~ Jolololol -] 0 | & [v76] v5
Vao = S0, [(F: — Fs,. VE; + " (Fs,,. —F )|l (Fs, — F )E i1
a0 — i=1 S(2i—1)1 S(2i)1 2 j=4 S(21); Si-1)j 1=1,3,5..(I#1) Sij S+1)j -
_ n n+1 2n—1
‘/b() = Zi:l (.Fs(mil)2 — FS(2i)2)E’L- + Zj:4 (FS(Qi)J' - FS(2i71)]‘) 1=1,3,5..(1#1) (FSIJ - FS(Z+1)J')EZ?1 (8)
_ n n+1 2n—1
Veo = Zi:l (FS(Zi—l)iS - FS(21‘,)3)Ei + Zj:4 (FS(%)J‘ - FS(27:—1)_1) 1=1,3,5..(1#1) (FSlj - FS(L+1)_7‘)ELTI

As a result, the output phase-to-phase multilevel voltages
will be given by (11).

Uab = VaO - ‘/bO 1 -1 0
Upe =Voo=Veo =| 0 1 ~1
Uca = VeOo — VaO -1 0 1

11
(FSII_FS21) (n

(Fsl2 - FSzz)
(Fsl3 - FS23)

(FS31 - FS41)
(F5’32 - F542)
(F533 - FS43)

A. Operation Principle

The required six phase-to-phase voltage output levels
(£E:, +Fy + (E = E; + E»)) are generated as follows:

1) When turning ON the switches Si3, S22,.531 and Sy3
during the first cycle [0, ], three levels are generated for the
three phase-to-phase voltages i.e, U,y = E1+ Es, Upe = —F4
and U., = —Fs. Fig.3 (left) shows the current path for this
mode.

2) When turning ON the switches Si2, S23,531 and Sy
during the second cycle [av, as], three levels are generated
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Fig. 2. Proposed six-level inverter topology

for the three phase-to-phase voltages i.e, Uy, = Eo, Up. = F
and U., = —F1 — E». Fig.3 (right) shows the current path for
this mode.

1 (
S \S.S.
1|, |
+ET
[
| Su S S agp=H 4
U.
i | L e
= 1 |lu
¢
I = 1,
A
sl 5. \s |
+Eqr Un=E+E. +ET vt
S \S. sy Ue=-E: I s.vsds. Uo=-E-E:
" U.=-E; I

Fig. 3. Switching combination of the first cycle [0, a1] (left) and the second
cycle [a, ao] (right)

3) When turning ON the switches S71, S92, S32 and Sys
during the third cycle [ag, as), three levels are generated for
the three phase-to-phase voltages i.e, Uy, = F1, Up. = Fo
and U., = —F1 — Es. Fig.4 (left) shows the current path for
this mode.

4) When turning ON the switches Sio, 521,531 and Sy3
during the fourth cycle [as,y], three levels are generated
for the three phase-to-phase voltages i.e, Uy, = —F1, Upe =
Ey+ FE5 and U, = —FEs. Fig.4 (right) shows the current path
for this mode.

| I
s.f s s I
Py ! o sds
T o1 —
: :_I i +EqF
S2 784S == 2 | sfs.s.
| ! 7% 1
=== === S -
1 * ip| 2 =
I cYU. a
| i| ==
S. NS, S [ | Y A
I
=t ———
+E7 I +ET
_____  UuzE,
Su NS \S Ua=E | s.vs sJI
Un=-EcE: |

Fig. 4. S_wi_tching combination of the third cyéle_ [542_, (;3} (left) and the fourth
cycle [a3, aq] (right)

5) When turning ON the switches Si2, 523,532 and S4p
during the fifth cycle [ay, ], three levels are generated for the
three phase-to-phase voltages i.e, Uyp, = —Eo, Up. = E1+ o
and U., = —F;. Fig.5 (left) shows the current path for this
mode.

6) When turning ON the switches Si3, S21,.532 and Sy3
during the sixth cycle [as, ag), three levels are generated for

the three phase-to-phase voltages i.e, Uy, = —FE1 — Eo, Up. =
—Fs and U., = F;. Fig.5 (right) shows the current path for
this mode.

! -
I
f S. 'S4 S.
+
+ETE S ~— 1
n ——
| s.s.ts =
=== I
= I
I
: Su NS Ss i
+
+Eq Un=-E:
Un=E+E;
[ Sl S S Uo=-E
|

(left) and the sixth
cycle [as, ag] (right)

7) When turning ON the switches Syo, S23, 533 and Sy
during the seventh cycle [ag, 7], three levels are generated
for the three phase-to-phase voltages i.e, Uy, = —FE; — Es,
Uy = E; and U, = E». Fig.6 (left) shows the current path
for this mode.

8) When turning ON the switches S35, 592,532 and Sy
during the eighth cycle a7, ag], three levels are generated for
the three phase-to-phase voltages i.e, Uyy = —Fo, Upe = —F
and U., = F1 + FEs. Fig.6 (right) shows the current path for
this mode.

s sls
1
+E,-|'. — —
ig
| Su NS, S A= ===
| 2
mlielialinlis | b I )
a3
I ¢ A
. NS, S !
+ESF Uas=-E,
1 I Un=-E.
Sufl SaN\Su Uo=EEs

Fig. 6. Switching combination of the seventh cycle [ev6, cv7] (left) and the
eighth cycle [a7, ag] (right)

9) When turning ON the switches Si2, 521,533 and Sy
during the ninth cycle [as, ag], three levels are generated for
the three phase-to-phase voltages i.e, Uy = —F1, Upe = —Fo
and U., = E; + Es. Fig.7 (left) shows the current path for
this mode.

10) When turning ON the switches Si1,.S22, 533 and Sy
during the tenth cycle [ag, 1], three levels are generated for
the three phase-to-phase voltages i.e, Uy, = Eq, Upe = —F1 —
FE5 and U,., = FE>. Fig.7 (right) shows the current path for this
mode.

11) When turning ON the switches S13,.521,.551 and Sy
during the eleventh cycle [c19, a11], three levels are generated
for the three phase-to-phase voltages i.e, Uy, = Fo, Up. =
—F1 — E5 and U,, = F;. Fig.8 (left) shows the current path
for this mode.

12) When turning ON the switches S11, 523, 533 and Sy
during the twelfth cycle a1, a2], three levels are generated
for the three phase-to-phase voltages i.e, Uy, = E1 + Eo,
Up. = —FE5 and U,, = —F;. Fig.8 (right) shows the current
path for this mode.
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The output waveform of the proposed six-level MLI can be
seen in Fig. 9.

B. Calculation of losses

The losses associated with a power electronic converter can
be equated with the aggregation of power losses incurred in
the individual semiconductor devices. Losses incurred by a
semiconductor device can be typically described under three
categories: 1) when the device is blocking (i.e., OFF state);
2) when the device is conducting (i.e., ON state); and 3)
when the device is switching (i.e., the state is changing from
ON to OFF or vice versa). Since leakage currents during the
blocking state are practically negligible [26], the losses are
insignificant. Therefore, only conduction and switching losses
are considered for the calculation of losses associated with the
proposed inverter topology.

1) Conduction Losses: All switches required in the pro-
posed topology are bidirectional conducting and bidirectional
blocking, as shown in Fig. 1, the instantaneous conduction
losses of typical transistor and diode are expressed as [28],
[V + Rri®(t)]i(t)

per(t) = (12)

pe.n(t) = [Vb + Rpi(t)]i(?)

where p.r(t) and p. p(t) denote respectively the instan-
taneous conduction losses of the transistor device and diode.
Vr and Vp are the ON-state voltage drops, while R and Rp
are the equivalent ON-state resistances of the transistor device
and diode, respectively, and « is a constant governed by the
transistor characteristics.

The conducting switches need to carry the output current
lq,b,c(t) At @ given instant of time. Both, transistor device and
diode of a given switch conducts since all switches are bidi-
rectional. Now, at any instant of time, let N (¢) be the number

13)

of conducting switches (i.e. diodes and transistor devices).
Then, the average conduction losses can be expressed, by using
equations (12) and (13), as

% fO7T {N®Vr + Nt)Vb}iape(t)

Pc,avg =

+{NORrigE O} + {NOE, 0} dwn) (4

2) Switching Losses: To calculate the total switching losses,
a typical switch is first considered, and individual switching
losses are then added to obtain the total switching losses of
the inverter. To calculate the switching losses of an individual
switch, a linear approximation of voltage and current during
a switching period (transition from ON state to OFF state and
vice versa) is used [28]. Energy losses during turn-on can be
calculated as

~ton) }] at

on7] fO " d

B (e

= gVo’jlton (15)
Where
Eon,; turn-on loss of the 5t switch;
ton turn-on time;

1 current through the switch after turning on;
Vo, voltage that the j** switch needs to block.
Similarly, energy losses of the ;" switch during turning off
can be calculated as

Eorrs = fo ff ()it ,
= I [{ 0T } {_toIff (t = t"ff)H dt

1
= gVo,thoff

(16)

where 2,y is the turn-off time for the 4" switch and I /
is the current through the switch before turning off. In 1 s,
the j* switch makes f; number of transitions, where f; is
its switching frequency. Hence, by assuming that [ = I ', the
total switching power losses can be calculated as

2n2+2n 1
Ps = Z |:6V0,j-[(ton+t0ff) fj (17)
j=1

In Section V, eq. (17) is used to demonstrate that the
proposed topology incurs lower switching losses as compared
to the classical CHB topology for a six-level PWM output.
The total inverter losses can now be obtained by using (14)
and (17) as

Plosses = Pc,avg + Ps (18)

C. Optimized control parameters

1) Fourier analysis: To optimize the THD of the output
phase-to-phase voltage waveform, pulse weight and height
modulation PWHM technique is used. Heights (magnitudes
-”Fq,E5”) and widths (angles - “aq, a2”) of the output wave-
form are calculated in order to cancel the maximum number
of harmonics and optimize the THD (Fig.9).
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Fig. 9. Six-level output phase-to-phase voltage waveform

Equation 19 gives the Fourier coefficients of the phase-to-
phase voltage Ugp.

ay = %/ Uapcos(ka)da
0
b, =0

19)

The three phase-to-phase voltages (Upyp, Upe, Ueq) are as-
sumed to have the same symmetrical properties as an ideal
three phase voltage system. Antisymmetric properties with
respect to & [uab(g +a) = —uq(§ — a)] allows to cancel
all even order harmonics. By using different symmetrical
properties, oz = % is obtained and the phase-to-phase voltage
Fourier coefficients can be expressed in the interval [0, %] as
given by (20)

ak=2pt1 = Scos(kF) fog Uapcos(k(§ + a))da (20)

By using k=3(2p+1), cos(k%)=cos[(2p+1).(3)]=0 is obtained.
This means that all even and multiple of three order harmonics
are canceled.

The remaining non-canceled harmonics are of order 6g+ 1.
Eq.20 shows that setting the value of U, is possible only
within the interval [O, g] The symmetry property of an ideal
three-phase voltage system allows us to determine the value
of Uy, over the interval [0, 27]. So, the next analysis will be
limited within the interval [0, % ].

The phase-to-phase voltage U, is assumed to have two
DC levels (E, E») within the interval [0, Z] as illustrated in
Fig.10. U,y is assumed to have two pulses. The first pulse is of
height (amplitude) E and width (angle) «;. The second pulse
is of height Fy and width (§ — ;). Heights and widths are
set to cancel the maximum number of successive harmonics.

Uub
E=FE +E

E;

a

:717
0 oy ap=3

Fig. 10. Phase-to-phase voltage waveform u,; within [O, %]

By replacing the value of the phase-to-phase voltage U, as
seen in Fig.10 in (20), the Fourier coefficients in this case can
be written as:

it — B cos(kE) {(1— 1) sin [k (F + )]

+rsin [k (5 +%)] — sin (k%)ﬁ} h

Where, r = % is the ratio of the two DC voltage levels and
o is the switching angle from E to Fs . a1 and r represents
the two available adjustable variables. The selection of a; and
r can be seen in next section i.e. in III-C2.

2) Harmonic elimination technique: Selected harmonics
can be eliminated by a proper selection of adjustable variables
a1 and r.

The system of nonlinear equations (see eq.21) can be math-
ematically solved only if the number of equations corresponds
to the number of unknown variables. Since two adjustable
variables are available, only two harmonics from (19) can be
canceled. It is well known that low order harmonics are the
most harmful than the higher order ones. The previous analysis
shows that among low-order harmonics (less than 10*"), only
harmonics of 5" and 7*" order are not canceled. They are
eliminated only if the condition (22) is fulfilled.

{

In such case, the first non-zero harmonics is the 11*" order
since k € {1, 11, 13,17,19,...,6¢g+1}. By combining
(21) and (22), a nonlinear system of two equations with two
unknowns (a1, r) is obtained.

=0

o (22)

=SS

. . 1
(1—-7) sz.n(5a1 - %)+ rsm(5§a1 - %)= “7 23
(1 —=r)sin(Toy — %) +rsin(T5a1 — §) = +5
By solving (23), the values of oy and r are:
s
o= and r=+v3-1 (24)
Accordingly,
4 =122 -/3)=1.0235
A(p=12p—1) = — and ap=12p41) =
ar=0if k#12p+1
So, the remaining non-zero harmonic orders are
{11,13,23,25,35,37,47,49,...,12p+1} as illustrated in Fig.11.
. a,(pu)
fundamental a,=1.035 pu. THD =1524 %
0,8]
08 E,=0732pu.
E, =0.268p.u.
0,4
a=m/6 o~n3
0,
0'093| i"m 0045 D041 0029 027 0022 goo1 001 016 k (harmonic order)

1 1113 2325 3537 4749 59 61 7173 83 85 9597
Fig. 11. Harmonics spectrum of Uy

Again, by using symmetry properties of an ideal three-phase
system, the output voltages are reconstructed within [%, 271']
[23]. Fig.12 shows the reconstructed output waveforms of the
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modulated output phase-to-phase voltages Uy, Up. and Ug,.
Consequently, a third voltage level E; appears in the interval
[3, 2] with &y = E—F5, where

E=1pu.
E2 = ’I“El = 0732pu
Ey=F3—FEy =1-0.732 = 0.268 p.u.
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Fig. 12. Three phase six-level output phase-to-phase voltage waveforms

For laboratory practical considerations, two DC supplies are
used with E,=0.268 p.w. and E»=0.732 p.w. The benefit of the
proposed topology is that the first DC level can be obtained
easily without extra cost since, E=E;+E.=1p.u. In this case,
the obtained fundamental magnitude will be £=1.0235 p.u.

IV. SIMULATION AND EXPERIMENTAL VALIDATIONS

To examine the performance of the proposed MLI,
simulations are carried out by using Matlab/Simulink and
a prototype is implemented based on dSPACET-1103 card
(Fig.13). The circuit uses twelve bidirectional power switches
S11, 512,513, 521, S22, 823 fed by Eiand S31, S32, S33, Sa1,
S42,543 fed by FEs. The power IGBT module from
SEMIKRON: SKM145—-GB123D, with built-in freewheeling
diodes (1200v,1004) is used. From (2), a twelve-gate driver
board is built using opto-couplers cNy17—4. The DC' voltage
inputs of the topology were provided by laboratory regulated
DC voltage supplies to emulate renewable energy sources
(Wind or Solar).

Six Level

Topology
U h

ON/OFF :> Gate
Driver
PV Inverter Wind Control
Emulator Emulator card

Lookup Table
Fig. 13. Experimental setup and control block diagram

A. Simulation results

The r.m.s value can be calculated from within 0 to %, where
T is the period of the signal (25).

Line Voltage and Fundamental Component
120 FRTr =
100 —

oge
st Camponeet|

60

ST

-100

'170%4 0.06 0.06 0.07 0.08
Time (s)

Fig. 14. Inverter phase-to-phase output voltage and its fundamental

Line Voltage (V)
P

Phfe = U=\ [AL(E B3+ B (29)

In this case, E1=26.8V and Ey=173.2V SO
E=F1+E;=100V and U=1004/3(1+0.7322+0.2682)=73.2 V

The output phase-to-phase voltage where ;=2 r=/3-1 can
be seen in Fig.14. The voltage across the power switch can
be seen in Fig. 15. To better evaluate the performance of
the proposed topology, three simulation scenarios are con-
sidered. The different parameters are:E,=26.8V , E,=732V
and E=E,+E,=100 V. The scenarios consist of feeding a star
connected resistive, inductive and grid connected loads.

Power switch Voltage withstand

100,

. — 1 J —

Voltage (V)

= | - |

—

0.002 0004 0.006 0008 001 0012 0014 0016 0018 0.02
Time(s)

Fig. 15. The voltage across the power switch

1) Scenario 1. Pure resistive star connected load R = 45 €.
: In this scenario, star connected power resistor is considered
R = 45Q. Fig.16 shows that the line current has the same
form as the phase-to-phase voltage because of the load resis-
tive nature. The value of the current THD is 15.24 % where
the fundamental magnitude is 0.928 A.

Line Current and Fundamental Compenent Fundamental (50Hz) = 102.3, THD=15.24%

>
=

Al
5
3

A&
i 005 006 007 0.08 Q0 g 120 140 160
Time(s) Harm onic order

Fig. 16. Line current waveforms and its harmonic spectrum with a star resistor
load
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2) Scenario 2. Pure inductive star connected load L =
245mH: In this case, a star connected pure inductive load
is considered. Fig.17 shows that the current waveform has
almost no harmonics. Also the value of THD in this case is
very low i.e. 1.05% and the first non-zero harmonic order is
the 11*” with a magnitude of 0.0044 %. The main reason of
having very low THD is the inductive load behaving as a low
pass filter.
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= =1.06%
Line Current and Fundamental Component Fundamental(50Hz) = 0.7466 , THD=1.06%
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Fig. 17. Line current waveform and harmonic spectrum with an inductive
load

Fundamental (50Hz) = 0.263 , THD=1.06%
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Fig. 18. Line current waveform and harmonic spectrum for grid connection

3) Scenario 3. Inverter connected to the grid

: Fig.18 shows the current waveform and harmonic spectrum
for scenario 3. In this case, the inverter was connected
to the grid. The THD is very low. The results show the
capability of the proposed inverter to generate the desired
output voltage waveform, the optimized output staircase phase-
to-phase voltage is depicted Fig.9, and line current waveforms
in Figures 10,11and 12 for resistive load, inductive load
and grid connected scenarios respectively. Simulation results
demonstrate the effectiveness of the proposed harmonic elimi-
nation technique (i.e. selection of oy and 7). Figures16, 17 and
18 show also the first 100 harmonics (FFT) of line currents
for the three different scenarios. The phase-to-phase voltage
FFT analysis shows that 5" and 7** harmonics have been
eliminated. The first non zero harmonic is of order 11.

B. Experimental verification

The first two simulation scenarios have been verified
experimentally while we were not able to experiment
the third scenario (i.e. grid connection) because of the
non-availability of adequate equipment in the laboratory.
Fig. 19 shows the control pulse signal for switches

(S11, S12, 513, S21, S22, S23) and (S31, S32, S33, 541, Sa2, Sa3).

Each switch has only 4 commutations per fundamental cycle,
thus reducing power losses.

-Déclench.
0.00 v %

Fig. 19. Control pulse signals for switches states

Ll 1 1 >

Each power switch commutes with a frequency equal to
Fisemiconductor=%Ffundamental, thus switching losses are reduced
in comparison with conventional PWM methods.

1) Scenario 1. Pure resistive star connected load R = 45 2
: Fig.20 shows the output voltage and current waveform and
harmonics spectrum feeding a resistive star connected load
. The output voltage is 200 Vpp and the output current is
2.7 App, the frequency is 50 Hz.

T e 1004

Voltdge :

A an

P
P55 7 9 4l 13 18 U7 19 21 23 28 27 24 ot
204 6 6 10012 14 16 18 20 22 24 26 28 %0
Signal ce: Fondamental
500Kz 2.3V
50.0 Kz  879mA

1005 +0°
1008 +0°

Ch1:73.1V  tha= 18
x

@ F5000 Hzvbp26% & DR 510 ‘ R ogeTo
Fig. 20. Experimental results using resistive load

It shows a match between the simulation and experimental
results. In fact, both voltage and current harmonic spectra show
that the first nonzero harmonic is of 11" order, followed by
harmonics of 13", 23" and the 25" orders.

2) Scenario 2. Pure inductive star connected load L =
245 mH
: In the case of inductive load. Fig. 21 illustrates the experi-
mental voltage and current waveforms and harmonic spectrum.
The output phase-to-phase voltage is 72.5V and the output
current is 538mA. The inductive load cancels the output
current harmonic. It behaves as a low pass filter, generating a
sinusoidal line current.

T - 1003
Voltage

7

¥U5 5 7 9 1l 3 15 17 19 21 23 28 27 28 51
274 6 6 10 12 14 16 18 20 22 24 26 26 %0
signal Reference:
Ch1:72.5 v thi= 6% 1005 +0°
Ch2:53BmA  thd= 3% 1008 -0°
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500Kz 12.4V
50.1Kz 538

—=—Propos!
1 —o—IEEE 519-1992
——IEC 61000-3-12
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Fig. 22. DC bus current Fig. 23. Inverter waveform

compliance with IEEE and IEC
standard

Harmonic Amplitude

40

20 30
Harmonic Order (K}

Fig.22 shown the evolution of the current over the DC bus.

Fig.20 and Fig.21 show the measured output phase-to-
phase voltages, line currents and their frequency spectrum. The
output phase-to-phase voltage frequency for all scenarios was
50 Hz with maximal magnitudes equal to E,+E.=100 V. The
first non-zero harmonic is of 11" order. The output current
exhibits a sinusoidal-shape since the load behaves as an RL
low pass filter. The output currents contain less high-order
harmonics than the output voltages.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE II
COMPONENT REQUIREMENTS AND TOTAL VOLTAGE STRESSES FOR THREE-PHASE MLIS (N IS THE NUMBER OF LEVELS IN PHASE VOLTAGE)

Inverter type / component ‘ NPC ‘ Flying capacitor | Cascaded H-Bridge | Proposed Topology |
Number of main switches 6(N —1) 6(N —1) 6(N —1) 2N + 22N +4+4
Number of main diodes 6(N —1) 6(N —1) 6(N —1) 2N + 22N +4+4
Number of clamping diodes 3(N —1)(N —2) 0 0 0

Number of DC bus capacitors / Isolated supplies (N -1) (N -1) 3(N-1)/2 V2N +4
Number of flying capacitors 0 (3/2)(N —1)(N —2) 0 0

Total component count (N—-1)3N+7) | (1/2)(N —1)(3N +20) 27(N —1)/2 4N + 32N +4+3

C. Compliance with IEEE 519-1992 and IEC 61000-3-12
standards

The 1EEE519-1992 and ITEC61000—3—12 standards provide
limits for the harmonic currents produced by electrical equip-
ment’s [24], [25]. For inductive loads (electric machines, pas-
sive filters, transformers), which represent 80% of the power
converter applications, the output current harmonic magnitudes
are Qp(current) = %22 where k is the harmonic order .

Fig. 23 shows clearly the compliance of the proposed six-
level inverter output signal with internationally recognized
standards. The first nonzero harmonic is the 11** order,
meaning that the most harmful harmonics of 5" and 7*" orders
are canceled along with all even-order harmonics.

V. COMPARISON WITH OTHER TOPOLOGIES

In this section, comparison of the proposed topology is
made with other topologies. In Section V-A, the topology is
compared with classical topologies in terms of component
requirements. In Section V-B, an exclusive and exhaustive
comparison is carried out with the CHB topology because, as
mentioned earlier, the proposed topology resembles the CHB
in configurational and functional features.

A. Overall Comparison With Classical Topologies

The component requirements of various topologies for a
three-phase configuration are given in Table-II in terms of the
number of voltage levels (IV) in the phase-to-phase voltage.
It can be inferred from the table that the number of compo-
nents in the proposed structure is lower than those in other
topologies, particularly for higher number of voltage levels.
For example, implementing a thirty-level inverter will entail
component counts of 2813, 1595, and 391 for the NPC, FC,
and CHB topologies, respectively, but only 164 in the proposed
topology.

B. Comparative Analysis of the Proposed Topology With the
CHB Topology

In this section, a comparison between the proposed inverter
and CHB inverter is carried out in terms of voltage level and
power component requirements and switching losses. For the
purpose of comparison, both topologies are configured such
that both have equal number of dc sources as input. Thus, with
“n” number of sources, each equal to V. for CHB topology
and E; and E» for the proposed topology (see Fig.2), the

number of levels is given by (5) for the proposed topology and

2n+ 1 for CHB topology [26], [27], and the maximum output
voltage attained is given by (6) for the proposed topology and
n Vy. for CHB topology [28].

Voltage levels and power switch Requirements: With “n”
number of dc sources, the CHB topology provides “2n 4 1”
voltage levels, while the proposed topology provides “2n? —
2” voltage levels. The difference in the numbers of voltage
levels is significantly large. For example, for a three-phase 30-
level voltage, a CHB inverter requires 14 dc sources and 174
power switches, whereas the proposed topology needs only 4
dc sources and 80 power switches.

Switching Losses: With an appropriate switching control,
the proposed topology can be implemented with lower switch-
ing losses as compared to the CHB topology. For a five-level
inverter with two equal input dc sources of voltage V. for the
CHB topology and the six level inverter with dc sources of
voltage F; and FE5 for the proposed topology (see Fig.2), such
as F1 + Ey = 2.V, , the average switching power loss ps in
the switch caused by switching transitions can be defined by
using (17) as

1
Ps = 6‘/010(ton + toff)- f

where t,,, and ?,¢s are the turn-on and turn-off crossover
intervals, respectively, V, is the voltage blocked by the switch,
1, is the switch current, and f is the switching frequency. For
simplification, it is assumed that switches operate with the
same t,, and t,y; values while they carry the same current
I,. Thus, ps can be approximated as

(26)

ps = CVof

where ¢ [= £1,(ton + togy)]is a constant. Thus, switching
power losses in the CHB five-level inverter in which all
twenty-four switches operate at a high switching frequency
(fs = 21.fy, based on carrier signals, fy is the fundamental
frequency) while blocking the same voltage V. can be aver-
aged as

27)

ps,cuB/st = 24CVac fs = 504¢Vae fo (28)

Similarly, the switching power losses of the proposed six-
level inverter with twenty-four switches operating at low
switching frequency (fs = 4.fo, since each switch commutes
fourth’s time per period in six level topology as depicted
in section-III-A while blocking the dc voltage E; and F»
corresponding for each switch can be obtained as
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Ps,proposed/6L = 12<E1 fs + 12<E2fs = 192€Vdcf0 (29)

While E1 + E2 = 2~Vdc~

It is clear from (28) and (29) that, the switching losses
incurred in the proposed topology are almost half the switching
losses incurred in the CHB topology.

VI. CONCLUSION

The proposed multilevel inverter topology can be a good
solution to feed microgrid from renewable energy sources.
A six-level inverter was considered and controlled by using
a PWHM technique, requiring only twelve switching states
per period. Simulation studies have been performed on a
six-level inverter based on the proposed structure and have
been validated experimentally. The obtained simulation and
experimental results have shown a 15% voltage THD rate,
zeroed successive harmonics from 2! to 10*" orders. The
first non-canceled harmonic is 11** order with 9% of the
fundamental magnitude. The proposed configuration gives a
compact and low cost system with both minimum number of
switches and less number of switching states with a simpli-
fied inverter control scheme. The efficiency, performance and
compliance with TEEE519-1992 and 1EC61000—3—12 standards
have been validated. The low-frequency switching reduces the
inverter power losses leading to a better efficiency of the
proposed topology. Comparisons of the proposed topology
with conventional topologies reveals that the proposed topol-
ogy significantly reduces the number of power switches and
associated gate driver circuits. Analytical comparisons on the
basis of losses indicate that the proposed topology is highly
competitive. On the horizon, the detailed real and reactive
power control of the proposed inverter will be considered.
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