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3.3 MLI TOPOLOGIES WITH REDUCED DEVICE COUNT

For the past few years, many researchers have been working on MLI topolo-
gies with a significant reduction in component count as compared to the clas-
sical topologies. Judging a topology without the consideration of the specific
application is not only difficult, but also futile and unjustified. Often it can
be seen that, while a topology 1s near-perfect for one application, it 1s useless
for another. Still, in the context of this book, the general criteria for an over-
all assessment of a topology include:
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1. the number of power switches used;

2. the total blocking voltage of the converter (which depends on the num-
ber of power switches and their respective voltage ratings);

3. the optimal controllability of the topology (in terms of possibility of
charge-balance control and switching of the differently rated switches); and

4. possibility of employing asymmetric sources/capacitor voltage ratios.

While Parameters (1) and (2) directly influence the reliability of the
inverter, efficiency is influenced by Parameters (1), (2), and (3) and applica-
tion, performance and control complexity are governed by Parameter (3).
The number of redundant states and consequently the programmability of

fault-tolerant operation 1s directlyv influenced bv (1) and (4). Based on
these parameters, topologies with reduced component counts are discussed in

this section.
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3.3.1 Cascaded Half-Bridge-Based Multilevel DC Link Inverter

Gui-Jia [58,59] introduced a new class of MLIs based on a multilevel DC
link (MLDCL) and a bridge inverter to reduce the device count. An
MLDCL, as shown 1n Fig. 3.1, has cascaded half-bridge cells with each cell
having its own DC source. A multilevel voltage-source inverter can be formed
by connecting one of the MLDCLs with a single-phase bridge inverter. The
MLDCL, which 1s comprised of sources Vpc; {j = 1—3} and power switches
S; {J = 1—-6}, generates a stepped waveform with one polarity, with or without
PWM, to the bridge inverter, comprised of switches Q; {j = 1—4}, which in
turn alternates the polarity to produce an alternating voltage.
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*» 3.3.1 Cascaded Half-Bridge-Based Multilevel DC Link Inverter

For an increased number of levels at the output, the MLDCL inverter can
significantly reduce the switch count as well as the number of gate drivers as
compared to the CHB topology [58]. With reference to Fig. 3.1, various
combinations that can be obtained for the MLDCL v, are summarized 1n
Table 3.1.

It can be observed that, to obtain a given level, three switches conduct
simultaneously in the MLDCL part and two switches conduct in the
H-bridge part (Switches Q; and Q, for the positive half cycle, O, and Q5 for
the negative half cycle, and Q; and Oz or O, and Q4 for zero level).
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*» 3.3.1 Cascaded Half-Bridge-Based Multilevel DC Link Inverter

FIGURE 3.1 MLDCL inverter.
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It can
be observed from the topology that each power switch of the H-bridge part

must have a minimum voltage-blocking capability equal to the sum of the
input voltage values. Thus, these switches are rated higher compared to the
switches in the MLDCL part. However, since the zero level can be synthe-
sized using switches of the MLDCL part, the higher-rated switches Q;
{j = 1—4} can be operated at fundamental switching frequency.
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*» 3.3.1 Cascaded Half-Bridge-Based Multilevel DC Link Inverter

For a symmetric source configuration with Vpc,1 = Vpe.o = Vpes = Ve,
it can be seen that the switches S; {j = 1—6} need to block a voltage of Vpc
and need to conduct a current equal to the load current. Switches Q;
{J = 1—4} need to block a voltage equal to 3V and conduct a current equal
to the load current. It can also be observed from Table 3.1 that since voltage
levels Vpe, 2Vpe, and 3Vpe can be synthesized combining all the input
sources 1n groups of one, two, and three, respectively, equal load sharing
amongst them 1s possible. These redundancies also provide flexibility in volt-
age balancing when capacitors are used.
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Regarding asymmetric source configurations in MLDCL topology, no
analysis is offered in References [58,59]. Since subtractive combinations of
the input DC levels cannot be synthesized, the trinary source configuration
@2, Yoo, 1= 3V7D V) cannot be employed for this topology. As can be
seen from Table 3.1, a binary combination with Vpc,1 = Vpe, Voo =2V
and Vpc,3 =4Vpe 1s possible since the voltage levels Vpe, 2Vpe, 3Vpe,
4Vpe, SVpe, 6Vpe, and 7Vpe can be synthesized by using States 1, 2, 4, 3,
6, 5, and 7, respectively.
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3.3.2 T-Type Inverter

Gerardo Ceglia et al. [60—62] have presented a new MLI topology, named
the T-type inverter, comprising an H-bridge output stage and bidirectional

auxiliary switches. It offers a significant reduction in the number of power
devices as compared to conventional topologies. A single-phase structure
with four input voltage sources, namely, Vpce,1, Vbeso, Vbess, and Vpe,g, 18
shown in Fig. 3.2. It comprises three switches §; {j =1-3} which are
bidirectional-blocking-bidirectional-conducting, while four switches Q;
{j = 1—4} are unidirectional-blocking-bidirectional-conducting.
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A3 FIGURE 3.2 A T-type inverter with four input sources.
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Thus, this topology inadvertently requires a mix of unidirectional and
bidirectional power switches. The valid switching states are summarized in
Table 3.2 and it can be seen that the input DC values are required to be sym-
metric, 1.e., Vpc.,1 = Voo = Vpoe,s = Vpe,a = Vpe. This 18 because not all
combinations of input voltage levels can be synthesized at the load terminals.
In most cases, either a positive or negative combination can be synthesized,
but not both.
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For example, while a voltage level —Vp,4 can be synthesized at the load
terminals, the level + Vpc,4 cannot be synthesized. Thus, it 1s essential that
the input sources are symmetric. Also, lack of sufficient redundancies goes
against effective voltage balancing. It can be also observed from Table 3.2
that equal load sharing amongst the input voltage sources is not possible as
the number of valid states i1s very limited. For a given state, only two
switches conduct simultaneously. The bidirectional switches are voltage-
rated at different values. While S5 should be minimally rated at 3V, S, and
S, should be rated at 2V each. The H-bridge switches must each have min-
imum blocking capability of 4V. These higher voltage switches, however,
can be operated with fundamental switching frequency.
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\%’J‘ TABLE 3.2 Possibilities of Switching Combinations for the Topology

o Shown in Fig. 3.2 Vboa|

:q i

:\f State Output Voltage v, (t) Switches in ON State j@

'i; (Other Switches Remain OFF) ’_m_

2 %

;g 1 + Ve S1, Q4 DC%_— {)@1 Q3 {)L
_ : '—T—] S

’2 2 Ve Not possible 2 + v ()-

3 3 + Vpeo Not possible M e S

‘1 _ : Ve, o (t

3 4 Vbco Not possible - - {)I_QF i) Q‘*{)L

.:1 5 + Vbcs Not possible TL| Si

fo 6 — Vpes Not possible ‘—m

% 7 + Vpca Not possible Vbca|

;}; 8 — Vbca S 0

) 9 Vbci1 + Vbee S, Oy

"51_ FIGURE 3.2 A T-type inverter with four input sources.
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\%’J‘ TABLE 3.2 Possibilities of Switching Combinations for the Topology

o Shown in Fig. 3.2 Vboa|

:q —_—

:\f State Output Voltage v, (t) Switches in ON State j@

'i; (Other Switches Remain OFF) ’_m_

2 10 —(Vpc1 + Vpea) Not possible Vbe.s

? 11 etV Not possibl T %)@1 = {jl—"

‘?9 DC2 (oo ot possible Sz + V[_(t)_

% 12 o (Vpcz = VDC,3) Not possible u—m e —

‘1 13 Vbcs + Vbea Not possible Voc.2 ,_;

? 14 e i S0 T {)LQ; 0 Q%)I—v
. —(Vpecs DC,4 2, (U3 5

| S

-?9 15 Vet + Voes Not possible ._m

?, 16 — (Vpci1 + Vpes) Not possible VA

"} 17 Voci + Vpca Not possible -

’?5\ 18 — Vot + Voca) Not possible

"51_ 19 Vboca + Vpca Not possible FIGURE 3.2 A T-type inverter with four input sources.
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TABLE 3.2 Possibilities of Switching Combinations for the Topology
Shown in Fig. 3.2 VDQ_“___
State Output Voltage v, (t) Switches in ON State j@
(Other Switches Remain OFF) ’_m_
20 — (Vpca + Voca) Not possible VDC’_?’___ %}@1 Q3 {)L
21 Vocit Viods + Vors S, 0, S +vift)—
22 — Voet + Voo + Vocs) Not possible D —_—
23 Vpca+ Voes + Vbca Not possible VDQ_Z___ {)I_Q} i(t) Q‘%)I_v
24 —(Vbc2 + Vocs + Voca) $1, s J‘L@
25 Voci+ Voca2 + Vbca Not possible ‘—m
26 — (Vpci1 + Vbca + Voca) Not possible VDCL_
27 Voci + Vbes + Vibca Not possible 1
28 —(Vpc1 + Vbes + Vpea) Not possible

FIGURE 3.2 A T-type inverter with four input sources.
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TABLE 3.2 Possibilities of Switching Combinations for the Topology
Shown in Fig. 3.2

State

29
30
il
32

' 4

Output Voltage v, ()

VYpeit Ypea t Voes W Vpea
—(Vpes * Voer + Vpes t Voea)
0

0

Switches in ON State
(Other Switches Remain OFF)

Q1, Q4
Q2 Q5
Qi Qs
Q2, Q4

FIGURE 3.2
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A T-type inverter with four input sources.
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3.3.3 Switched Series/Parallel Sources—Based MLI

Hinago and Koizumi [63,64] have proposed an MLI topology consisting of
an H-bridge and DC sources which can be switched in series and in parallel.
The topology reduces the number of gate driver circuits, thereby reducing
the size and power consumption. The topology synthesizes the same number
of output levels with a lower number of power switches as compared to a
CHB topology. An important suggested application is for electric vehicular
applications where a single battery composed of a number of series-
connected battery cells 1s available, which can be rearranged using the
switched sources topology, hence reducing the requirement for switching
devices.
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More importantly, the possibility of combining two or more sources
in series and parallel gives enough flexibility for meeting voltage/power
requirements in the vehicle drive system.
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An Switched Series/Parallel Sources—MLI with three input DC sources 1is
shown 1n Fig. 3.3. It consists of two parts: the switched sources part which
synthesizes a bus voltage v,,, () and the H-bridge part which synthesizes
positive and negative cycles of voltage v, (t) to feed an AC load. Three
sources, namely, Vpe,1, Vpe,z, and Vpe,3 and power switches S; {j = 1—6}
constitute the switched sources part. Power switches Q; {j = 1—4} constitute
the H-bridge part. Levels that can be synthesized by the switched sources
part are summarized in Table 3.3.
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For a symmetric source configuration, i.e., Vpc,1 = Vpea = Vpes = Voo,
it can be seen from Table 3.3 that voltage levels V- and 2V can be syn-
thesized with three states each, while one state 1s available for voltage level
3Vpc. Moreover, the voltage stress experienced by the switches S; {j = 1-6}
would each be equal to Vp. An important limitation of this topology is that
the switches Q; {j = 1—4} need to have a minimum blocking capability of
summation of voltages of all voltage sources. Thus, for the symmetric source
configuration with three sources, the H-bridge switches should possess a
voltage-blocking capability of 3Vp-. Another important limitation 1s that

these switches with higher blocking capability cannot be operated at
fundamental switching frequencies because the zero voltage level 1s not syn-

vv thesized by the switched sources part, as can be observed from Table 3.3.
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TABLE 3.3 Switching States for Topology Shown in Fig. 3.3

State Bus Voltage vy,,s(1) Switches in ON State S {)L VDC'_3___
| 5.5 A1 | pe  ep

S s
2 VDCs S1: % Ss L Voca| ™ {)b Vous(t) il

= 4 us
3 Vbcs S1, 84 - ii(t)
£ e
4 Voci + Ve $2 So Voos| 2 B £l QL
== 1

5 Voco + Vpes 51, S5 {f
6 VDC’T i VDC’3 53’ 55 FIGURE 3.3 MLI topology as proposed in References [63,64].
7 Vboc1 + Vbe2 + Vpes 5, 5
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YO

can also be inferred from the table that, with input sources of equal voltages,
equal load sharing amongst them 1s possible as the sources can be combined
in all additive configurations. Various combinations can be utilized in differ-
ent cycles so as to equate the average current from each source, thereby
equalizing the average power amongst the sources.

S {)I__ VDC'—S__—
7 Pla. a)
Ss3 Vic2 S5 U
L e {>“§4 Vpus(t) T
7—{ i(?)
VDC,_1___ Sz {ﬁl_% {)Iga Q4%)L

FIGURE 3.3 MLI topology as proposed in References [63,64].
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Although the topology enables the synthesis of all additive combina-
tions of the 1nput sources, subtractive combinations are not possible.
Hence, trinary source configuration is not possible for this topology.
Binary source configuration is, however, possible so as to maximize the
number of levels in the output waveform. For example, in Fig. 3.3, for
Voces1 = Voo, Voeo =2Vpe, and Vpe,3 =4Vp e, all possible combinations,
namely, Vpe, 2Vpe, 3Vpe, 4Vpe, SVpe, 6Vpe, and 7Vpe are obtained as
Vpus(t) by using States 1, 2, 4, 3, 6, 5, and 7, so that the load voltage wave-
form has 15 levels in equal steps of Vpo. Thus, binary, but not trinary,
source configuration can be implemented using this topology.
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3.3.4 Series-Connected Switched Sources—Based MLI

A modified form of CHB topology is presented in References [65,66], with
the objective of reducing the number of switches as compared to the classical
CHB topology. The topology with four input DC sources Ve, ; {j = 1—4} 1s
shown 1n Fig. 3.4. The low potential terminals of the sources are all con-
nected through power switches. These terminals are also connected to the
higher potential terminal of the preceding source through power switches, as
illustrated in Fig. 3.4 with §; {j = 1—8}. This interconnection 1s capable of
synthesizing a multilevel rectified waveform v,,, which 1s imparted positive
and negative polarities using the H-bridge comprising switches Q; {j = 1—4}.
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FIGURE 3.4 MLI topology as proposed in References [65,66].
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The possibilities of synthesizing various combinations of input DC levels
are summarized in Table 3.4. It can be seen that the structure, though simple,
allows a much lower number of valid states. In fact, not even the input DC
levels offered by the sources can all be obtained as v,,,, except that of Vpc,;.

R tls

o T

FIGURE 3.4 MLI topology as proposed in References [65,60].
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4 TABLE 3.4 Possibilities of Switching Combinations for the Topology
= Shown in Fig. 3.4 Sz
“
2: State Voltage Level vy, Switches in ON State R
"} 1 Ve 5 ____VDC,1
> 2 Ve Not possible
N Sy
:J 3 Vocs Not possible —<7—1
a 1
;J 4 Vbca Not possible e 31{)L
’2 53 VDC, 1 Sl VDC’ o 52/53 il VDC.Z
) Q
K} 6 Vbca + Vpes Not possible S @1 2 ’ |—-
+ Vv (f)—
‘1 7 Vocs + Vpca Not possible 1 L—
) _l {)Ls_g Vbus -
3‘ 8 Vbc1 + Vpca Not possible | |92 ii(t) Q L
‘_—5? 9 VDC,Z SF VDCA’ Not pOSSibIe T VDC,S
9 . S
= 10 Vboci1 + Vpes Not possible Sg ijﬁ
3 ——
- 11 Vbcir + Vbcz + Vpes S, 54, S5 1
‘3' 12 VDC,Z aF VDC,3 ar VDC,4 Not possibIe — {)"SJ
?3\ 13 VDC,1 Aar VDC,3 ar Vpc4 Not pOSSibIe Vocs
b 14 Vboci + Vbcz + Vpca Not possible
_—% Y, N 15 Vbct + Vbcz + Vpes + Vibea S5, Sa, Se FIGURE 3.4 MLI topology as proposed in References [65,66].
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3.3.5 Cascaded “Bipolar Switches Cells”—Based MLI

Babaei et al. [67] have presented a new class of multilevel converters to

reduce the number of power electronics switches and DC voltage sources.
s s

Vic,1
S T .S
R A e AN

Ve,

S T NS
AT AT

S S
LSS

+V, -
.

v\ *

FIGURE 3.5 MLI topology as proposed in Reference [67].
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Fig. 3.5 shows the single-phase structure of a seven-level converter with
three input voltage sources with equal voltages of Vpe (symmetrical source
configuration). All the switches are bidirectional-blocking-bidirectional-
conducting. Although each bidirectional switch requires two IGBTs, the total
number of gate drive circuits 1s equal to the number of bidirectional switches.
This results in reducing the cost and overall complexity of the converter.
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Switching states for all possible combinations of input voltage sources
are shown 1n Table 3.5. It can be observed that while synthesizing 2V and
— 2Vpe, not all possible combinations of input voltage sources are utilized.
As a result, equal utilization of the input voltage sources is not possible in
this topology. Moreover, the outermost bidirectional switches S, S,, S7, and
Sg need to have minimum voltage blocking capability of 3V each. On the
other hand, the inner switches S5, S4, S5, and S¢ need to have minimum volt-
age blocking capability of 2Vp. It can also be observed that to synthesize
each voltage level, only two switches need to conduct simultaneously. It
should also be noted that the topology can only work with symmetrical
sources configuration.
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TABLE 3.5 Possibilities of Switching Combinations for the Topology AN IS —

b

%

3

.

:3}0 Shown in Flg 3.5 _XDC"I

% State  Output Voltage V,(t) Switches in ON Remarks _rh.Ss _M.Ss
3 State (Other LN DA
% Switches Remain OFF) Ve

. —

;53 1 VDQ1 5,9 _]—L'_SB _,_LI_SS
3 2 Voo S, 5 — D e EN—]
3 3 Ui e | Voes

;—i; 4 Vpci+ Vpes Sz, S5 _,_L]_SB _I_L|_S7
- 5 Vbca2 + Vbes Sa, S7

;1‘ 6 Vpea Ve S 55 5 Not possible as

\'}: Ve gets short- 'V —

el circuited -L

:) —

S 7 Vbc1 + Vboca + Ve S, 57 I

3

= \¥ FIGURE 3.5 MLI topology as proposed in Reference [67].
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b

\fg TABLE 3.5 Possibilities of Switching Combinations for the Topology —Z:B_,—f‘}.,_ﬁz m;
- Shown in Fig. 3.5 Ve 1

% State  Output Voltage V(1) Switches in ON Remarks —rL|—84 I —]-L‘—Se’

; State (Other DA oA

% Switches Remain OFF) Ve

& g

2 8 == Voc1 51, 54 _]—L[_SB _,—LI_SS
\,;“: 9 = Vpey 53, Se — D y Lton—]
S 10 = Vpes S5/ Sy |

‘-—i; 11 = (VDC,1 9= VDC,Z) 51, 56 _,—LI_"98 _'_L‘_ST
I 12 —(Vbc2 + Vbc3) S3, Ss

;1‘ 13 ~(Vpea® Voe) S1; 54, S6; Sa Not possible as

\,}’ Ve gets short- +V, —

3 circuited .

;\), 14 —(Vbc1+ Vbca+ Vbcs) 51, Ss T[

2

_;23 vy o 0 57, S8 3.5 MLI topology as proposed in Reference [67].
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3.3.6 Packed U-Cell Topology

Youssetf Ounejjar et al. [68—72] have proposed a new topology which 1s
very competitive compared to the classical topologies. It consists of the so-
called “packed U cells.” Each U cell consists of an arrangement of two
power switches and one DC input level (obtained with a voltage source or a
floating capacitor). A single-phase structure of the packed U-cell (PUC)
topology with two input DC levels, namely, Vpc,; and Vpce,n, and six
switches §; {j = 1—06}, 1s shown 1n Fig. 3.6.
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The topology is very simple in terms of the interconnection of compo-
nents. The minimum voltage-blocking capability required for switches
(81, S2) 18 Vpe 1, while that for (S5, S¢) 18 Vpco. The voltage-blocking capa-
bility for switches (83, S4) 1S (Vpc1—Vpe, 2). Various states for the structure
are shown in Table 3.6. Thus, to obtain a desired voltage level, only three
switches conduct simultaneously. It 1s important to observe from Table 3.6
that to derive the desired benefit from the topology, symmetric source
configuration cannot be used as the output will be three-level with many
redundant states.

YA

3
!
B
3,
:\)
5
3,
3
9
K
3
3‘
3
-
"}:
3,
2
Y
t



3 .‘a

D)8 Sdg Sl gl oo J S (g s
Qo sl sl ook [V ¥ Lad v
+» 3.3.6 Packed U-Cell Topology

TABLE 3.6 Switching States for Topology Shown in Fig. 3.6

State  Output Voltage Switches in ON State (Other Switches
v (t) Remain OFF) "_| S S, L
1 0 S1: 83, 55 |Voq1
| .
. 0 S2: Sar Se | | * iL(t)
+
3 % 51, 54, 5
DC1 15 Oy 96 J S, 84{>|‘° IVL(f)
4 Vbc,2 51, 83, Se
Vb2 -
5 Vbci — Vbea 51, 84, 55 | I -
6 — Vpci S, 5a, 55 |
7 — Vbea S5, 54, Ss J Ss Se r
8 = Ve & Mo 5. 53, 6
vq FIGURE 3.6 PUC MLI topology as proposed in References [68—72].

3
Y
"
3,
:\)
5
3
3
9
3
3
3‘
Py
E
"}:
3
2
Y
ks



D)8 Sdg Sl (oo oo J S (g s g
Qo sl sl ook [V ¥ Lad v
+» 3.3.6 Packed U-Cell Topology

An elaborate methodology 1s presented in Reference [72] to calculate the
asymmetric voltage levels. For two input levels, the number of output levels
can be maximized with Vp,; = 3Vpc and Vpe,o = Vpe. This trinary configu-
ration synthesizes seven levels, not nine, because of the absence of additive
combination. For a structure with two input sources, switching of the middle
two switches, namely (83, S4), can be performed at a fundamental frequency
as demonstrated in Reference [72]. This feature, however, is not feasible for
PUC-based structures with more than two input DC levels.
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3.3.7 Multilevel Module—Based MLI

The topology presented in Reference [73] also aims to reduce the number of
switches. This topology i1s a hybrid multilevel topology comprising of two
parts. The “level generation part” consists of input DC sources and
bidirectional-blocking-bidirectional-conducting switches and it synthesizes a
multilevel half-wave voltage waveform. The voltage stress on these switches
is not distributed uniformly. The “polarity generation part” is a simple

H-bridge connected at the output of the level generation part which generates
negative and positive polarities for the output voltage. The switches 1n this

part are unidirectional-blocking-bidirectional-conducting and have to with-

‘o stand the maximum voltage generated by the level generation part.
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these switches can be operated at line frequency. Thus these switches are
high-voltage low-frequency switches.

A single-phase topology for a seven-level converter 1s shown in Fig. 3.7,
where Vpei1=Vpeco=Vpes=Vpe. The operating states are listed 1n
Table 3.7. It 1s evident that all possible combinations of the input voltage
levels are not utilized. Thus, in this topology, equal load sharing among the
input DC sources 1s not possible.
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TABLE 3.7 Switching Combinations for the Topology Shown in Fig. 3.7

State  Output Voltage at Switches in ON State ~ Remarks

Level Generation (Other Switches sl kbl ik o & vt
G - |
Part V(1) Remain OFF) * ! i |
us ) St | | l
1 VDCJ S, } : ! Q Q }
\ —m— | : jL 1 {>”_ 2.
2 Ve 51, %, 5 Not possible as both } VDC‘I__ & : | |
VDC,1 and VDC,Z get ‘\ T 2 : ! }
short-circuited | —,_L‘ﬁ : i |
I | I | l |
3 Vbes Si, 53, 54 Not possible as Vpc 3 } o U | Vs i + V- }
gets short-circuited PVog2 | - : | __I. |
| T 3 I ' L |
4 Vbci + Ve S3 | _,-L‘_ : i }
5 Vboca + Vbes S 5y, 54 Not possiblfa as, Ve } ” : i Q' Q|
gets short-circuited | YDes | ! | |, L i
[ T S [ '
6 Vbcs + Vbe S, $3, Sa Not possible as both | 4_,l‘_ ! | i
VDC,2 and Vgc3 get } —m : : : }
short-circuited e ! e s
7 Viey + Vies + S FIGURE 3.7 MLI topology as proposed in Reference [73].
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The switches in the H-bridge, Q;, Q», O, and Q,, are each subjected to
the voltage stress of 3Vpe. Switches §; and S4 need to have a minimum
voltage-blocking capability of 3Vp, whereas switches S, and S; should be
selected to bear the voltage stress of 2Vp-. However, only one switch in the
level generation part and two switches in the polarity generation part need to
conduct simultaneously. The topology does not allow asymmetrical source
configuration (binary or trinary), because it i1s not possible to synthesize all
subtractive and additive combinations.
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3.3.8 Reversing Voltage Topology

The reversing voltage topology proposed in References [74.75] 1s 1llustrated
in Fig. 3.8. It 1s a hybrid topology which separates the output voltage into
two parts. One part synthesizes a multilevel stepped voltage half-wave. This
part 1s named the “level generation part,” comprising input DC sources Vpc,
{/ = 1—4} and switches S; {j = 1-8}. A tull-bridge, comprising switches Q;
{j=1—4}, 1s connected to the level generation part so as to obtain both
positive and negative polarities for the output voltage. This part 1s named the
“polarity generation part.” In this way, the components are utilized effec-
tively. The switches in the polarity generation part need to withstand the total
additive voltage of the level generation part. This topology exhibits modular-

"7 ity for the level generation part.
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Various possible states to obtain different levels at the level generation
part, vp,(t), are summarized in Table 3.8. It can be noted that the switches
with high blocking voltages, Q; {j = 1—4}, can be operated at fundamental
switching frequency. If symmetric sources are wused such that
Vo1t = Voesa = Vpess = Vbeo,a = Vpe, then all switches of the level genera-
tion part experience a voltage stress of Vpe, while the four switches of the
polarity generation part are required to have a minimum voltage-blocking
capability of 4V each. It can also be inferred from Table 3.8 that for sym-
metric source configuration, equal load sharing amongst them is not possible.
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For a DC link created with connected capacitors, this limitation will affect
voltage balancing in the capacitors. It can also be observed from Table 3.8
that the number of switches conducting simultaneously to synthesize a
required voltage level is not the same, and thus conduction losses and switch-
ing losses for the switches may not be the same. Moreover, since the topology
does not facilitate the synthesis of all additive and subtractive combinations of
input voltage sources, trinary source combinations cannot be used.
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Employing other asymmetric combinations to maximize the number of
output levels 1s seriously hampered by the absence of some states with a sin-
gle voltage source (e.g., as seen from Table 3.8, using State 2 for engaging
the source Vpc, would lead to short-circuiting of source Vpe3 and hence
this state cannot be used). However, one important advantage that the topol-
ogy offers 1s that it uses a single DC link for three-phase implementation.
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'13 _ _ Lovelgonerationpart __
X TABLE 3.8 Possible Switching Combinations for the Topology ]' :
& o e | |
5, Shown in Fig. 3.8 l - |
o I — |
3, State  Output Voltage at Switches in ON State Remarks ]l " :
DC1
3 Level Generation (Other Switches | C) Szl |
2, . [ e |
3 Part v,,,.(t) Remain OFF) | s |
= | 7 | Polarity generation part
g 1 Ve Sir 55 55 5, 5 — [ "—'i_r?—" W r———fFF-———-- 3
1 Il
:%) 2 VDcz 52, 54, 55, 57, 53 Not pOSSible as i C) Voeo Ss K : : :
% VDC,3 getS short- | B } [ T Q —lK-}L Q, |
: circuited | - - [ |
‘1 ircuite ]l .—\:Thz 1 Vousy i :
- 3 Vibes 5> 59, 55, 55 = P ! ! T
1 P Ovees s3I o |
‘;J 4 VDC,4 Sy 83, Say S = | | | :
| 1
2 5 Voci + Voc $1, 54, S5, S8 — ! I :
' 1 o !
%s‘ 6 Vocz + Vocs $2: 55, 57 = | (l) S 1
q: g | -/ Vpca 2 |
5 7 Vbocs + Vbca 52, 53, Se/ Ss - { :
3, ! |
3 8 Vbc1 + Vbca S1s S$3+ Sar Ser S7 - ! S0k |
Y | I
9 9 Vboca + Vbca S5, Sa, Se, S7, Ss Not possible as [ |
2 DY Ve s gets short- ]' :
Y circuted 0 TT-TTT T ===

FIGURE 3.8 MLI topology as proposed in References [74.75].
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'3;; Shown in Fig. 3.8 | |
| s, b |

3 State  Output Voltage at Switches in ON State Remarks : - :
DY Level Generation (Other Switches : C)VDm s, :
ay =
5 Part vy, (1) Remain OFF) : - :
a . | Sy | Polarity generation part
’\J 10 VDC,I + VDC,3 51, 53, 55, 57, 58 Not pOSSIble as | »—@—4 | r———r————— -
2, Vb gets short- | T 1 :
:) circuited : C) Voce  Ss G : : |
3 N | 1| TR -Fa |
4 11 VDC,I 55 VDC,Z 4 51, 55 | Ss | | |
) V | N | [Vus) v !
% Sl | T T - |

? |
Ko} 12 VDC’z o VDC, 3 + Sy, Se, S7 — : Vbea 84—IK} : Jll Qs —iK‘} Q4 |
‘1 VDC,4 | | | :
s | 1
) 13 Voct + Vocs + S1, S5, Se, Sy, Se Not possible as | . :
':53 Vbca Vbe,» gets short- | (l) 5 (| =———pre—m—a— A
Y circuited : =/ Vca 36} I
— |
3‘ 14 VDC,I = VDC,Z ar 51, 54, 56: 58 Not pDSSible as : S :
é‘ VDC,4 VDC,3 getS short- | —61 |
, circuited ' '
9 | |
:j 15 Voci + Vbcz + 51, 56 - : ___________ :
% VDC'3 i VDC'4 FIGURE 3.8 MLI topology as proposed in References [74.75].
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3.3.9 Two-Switch Enabled Level Generation—Based MLI

The topology presented by Babaeil [76] requires a mix of unidirectional and
bidirectional switches, as shown in Fig. 3.9. It also consists of two parts,
wherein one part helps in the generation of voltage levels and the other takes
part in the generation of polarities. The level generation part requires
both unidirectional and bidirectional switches. However, this part is unable
to synthesize the zero level. The polarity generation part 1s an H-bridge with
unidirectional switches. These switches operate under the voltage stress

equal to the maximum voltage generated at V(7). Since the level genera-
tion part 1s not able to synthesize the zero level, the switches in the H-bridge

o cannot be operated at line frequency.
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% EVDC£_ i E i
b T i Mo e
el : : ! . TABLE 3.9 Switching States for Topology Shown in Fig. 3.9
= WV, | ! i
\\,)‘ ,DCA4| H : 1 . . .
g CT l | . State  Output Voltage at Level Generation Switches in ON State
.‘} iv | | : Part V,,,(1) (Other Switches Remain OFF)
3 1¥DC2 ! I !
\3; i T i E E 1 Vpc1 515 5;
2 Voea] | | o Vbci + Vbca 5,5,
5 : T i vbus : + VL_ i /
% I i ! - N Vbc1 t Vbca + Vbes 5, 5
2 Voca i | g 4 VIRV S T N 55,
4 ; | 15 oo e =
; Voas| ! : E + Vbcs
3§ i E | 6 Voci + Vbc2 + Vbes + Vbca S4 S5
<) Voor| | | E + Vbcs + Vbce
% | | | { ff { \f?z'; 7 Vbci + Vbca + Vocs + Vioca S s,
"} | i | : + Vbcs + Voce + Vbcz
3 | 5 E# Sgﬁ JKj S/ | | i
) | | | |
5 | L : | |
2 I e i : i
)

FIGURE 3.9 MLI topology as proposed in Reference [76].
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A single-phase structure with seven input DC voltage sources 1s shown in
Fig. 3.9. For a symmetrical source configuration, Vpc1 = Vper = Vpes =
Voca=Vpes = Vpce = Vpc7 = Vpe. Table 3.9 lists the various operating
states for the given structure. It can be observed that only two switches are
conducting per state in the level generation part, and hence it 1s called “two-
switch enabled level generation-based MLI.” The zero level 1s synthesized
using the H-bridge. It 1s not possible to apply the concept of charge balanc-

ing 1n this topology as all the sources do not contribute equally for each level
in the Vp,(1).
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The switches in the H-bridge, O, le, Q’l, and (O,, need to
have a minimum voltage-blocking capability of 7Vp. Switches Sy, Sa4, Sﬂ,
and S,, of the level generation part need to have a minimum voltage-
blocking capability of 3Vpc. The remainder of the switches need to have a
minimum voltage-blocking capability of 2Vpe .It 1s also observed that this
topology does not support asymmetrical source configuration (binary or trin-
ary) as it 1s not possible to synthesize all subtractive and additive combina-
tions of the input voltage levels. However, one advantage that this topology
offers 1s that a total of four power electronic switches need to be conducting
in any state, resulting in lower conduction losses.

Thus, the description of topologies proposed for reducing the component
»e count indicates that a given structure has its pros and cons.
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3.4 SUMMARY

As MLIs continue to gain increasing importance for both high-power and
low-power applications, many researchers have proposed specific topological
solutions for intended applications. Also, new multilevel topologies have
been proposed offering high output resolution with a reduced number of
devices. Based on the discussion on new topologies, it can be concluded that
in the process of reducing the device count, various compromises are
involved which affect the topology characteristics, such as:

1. the possibility of charge balance control (equal load sharing amongst
the input sources);

2. optimal switching of the differently rated power switches; and

sy 3. the possibility of asymmetric source configuration.
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» 3.4 Summary

In this book, topological solutions will be further explored which can pre-
serve the desired characteristics, while reducing the device count for voltage
output with a large number of levels. In addition, a comparison of these
topologies will be carried out with the classical topologies in terms of the
number of power switches, 1solated sources/capacitors, clamping compo-
nents, voltage stresses, etc.
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