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Abstract—Multilevel inverter technology has emerged re- +|
cently as a very important alternative in the area of high-power Ve 3
medium-voltage energy control. This paper presents the most v i %‘;.a
important topologies like diode-clamped inverter (neutral-point T Ve R
clamped), capacitor-clamped (flying capacitor), and cascaded | S NI t—(/‘
multicell with separate dc sources. Emerging topologies like + " :
asymmetric hybrid cells and soft-switched multilevel inverters are V¢ =< ¢ Ve < ‘ Va
also discussed. This paper also presents the most relevant control Va ]
and modulation methods developed for this family of converters: TV,, Ve T
multilevel sinusoidal pulsewidth modulation, multilevel selective @ ) 0) *0 © S0

harmonic elimination, and space-vector modulation. Special
attention is dedicated to the latest and more relevant applications
of these converters such as laminators, conveyor belts, and unified
power-flow controllers. The need of an active front end at the
input side for those inverters supplying regenerative loads is also
discussed, and the circuit topology options are also presented. semiconductors is represented by an ideal switch with several
Finally, the peripherally developing areas such as high-voltage positions. A two-level inverter generates an output voltage
high-power devices and optical sensors and other opportunities with two values (levels) with respect to the negative terminal
for future development are addressed. . . . .

of the capacitor [see Fig. 1(a)], while the three-level inverter

Index Terms—Medium-voltage drives, multilevel converter, generates three voltages, and so on.

multilevel inverter, power converters. Considering thai is the number of steps of the phase voltage
with respect to the negative terminal of the inverter, then the

Fig. 1. One phase leg of an inverter with (a) two levels, (b) three levels, and
(c) n levels.

l. INTRODUCTION number of steps in the voltage between two phases of the load
. . ks
I N RECENT YEARS, industry has begun to demand higher
power equipment, which now reaches the megawatt level. k=2m+1 1)

Controlled ac drives in the megawatt range are usually con-
nected to the medium-voltage network. Today, it is hard to coand the number of stepsin the phase voltage of a three-phase
nect a single power semiconductor switch directly to mediurfead in wye connection is

voltage grids (2.3, 3.3, 4.16, or 6.9 kV). For these reasons, a p=2k—1. )
new family of multilevel inverters has emerged as the solution _ ) ) ]
for working with higher voltage levels [1]-[3]. The term multilevel starts with the three-level inverter intro-

Multilevel inverters include an array of power semiconduced by Nabaet al.[4]. By increasing the number of levels
ductors and capacitor voltage sources, the output of whitththe inverter, the output voltages have more steps generating
generate voltages with stepped waveforms. The commutatfstaircase waveform, which has a reduced harmonic distortion.
of the switches permits the addition of the capacitor voltagddOWever, a high number of levels increases the control com-
which reach high voltage at the output, while the powdHeXity and introduces voltage imbalance problems. _
semiconductors must withstand only reduced voltages. Fig, 17hree different topologies have been proposed for multilevel
shows a schematic diagram of one phase leg of inverters wififerters: diode-clamped (neutral-clamped) [4]; capac-

different numbers of levels, for which the action of the powefor-clamped (flying capacitors) [1], [5], [6]; and cascaded
multicell with separate dc sources [1], [7]-[9]. In addition, sev-

eral modulation and control strategies have been developed or
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2) They draw input current with very low distortion.

3) They generate smaller common-mode (CM) voltage, thu
reducing the stress in the motor bearings. In addition
using sophisticated modulation methods, CM voltage:
can be eliminated [8].

4) They can operate with a lower switching frequency.

The results of a patent search show that multilevel inverte
circuits have been around for more than 25 years. An early,
traceable patent appeared in 1975 [9], in which the cascar =
inverter was first defined with a format that connects separatel
dc-sourced full-bridge cells in series to synthesize a staircase
output voltage. Through manipulation of the cascade inverte
with diodes blocking the sources, the diode-clamped multileve
inverter was then derived [10]. The diode-clamped inverte.
was a_lso Ca"_ed the n_eutral-pomt clamped (N_PC) _mvert%rg. 2. Diode-clamped multilevel inverter circuit topologies. (a) Three-level.
when it was first used in a three-level inverter in which the) Five-level.

mid-voltage level was defined as the neutral point. Because

the NPC inverter effectively doubles the device voltage level | harind b ’ and S/ with S/ blocki
without requiring precise voltage matching, the circuit topolog e voltage sharing etweeﬁ/l an _52 with .5," blocking
e voltage acros€’; and S»" blocking the voltage across

revailed in the 1980s. The application of the NPC invert
P PP 52. Notice that output voltage,,, is ac, andv,, is dc. The

and its extension to multilevel converter was found in [11 it b du.ois th | <, which
Although the cascade inverter was invented earlier, its appli flerence between,, andu, IS the voltage across;, whic

tions did not prevail until the mid—1990s. Two major patenll Vd‘{/2',|f the output is removed out betvyeenand 0, then
[12], [13] were filed to indicate the superiority of cascad e circuit becomes a dc/dc converter, which has three output

inverters for motor drive and utility applications. Due to thgolt{;\ge levelsVae, V‘,‘C/Z' and O . .
great demand of medium-voltage high-power inverters, theF19- 2(0) show_saﬁve-leveldlodg—clamped converter in which
cascade inverter has drawn tremendous interest ever sif§ dc Pus consists of four capacitof§, C», Cs, andC. For
Several patents were found for the use of cascade inverterd§iUs VOltag_d/dC’ the voltage across ea,Ch, capacitovis/ 4, .
regenerative-type motor drive applications [14]-[16]. The |a8d each device voltage stress vylll bg limited to one capacitor
entry for U.S. multilevel inverter patents, which were defined oltage levelVy:/4 through clamping diodes.

the capacitor-clamped multilevel inverters, came in the 1990s'© explain how the staircase voltage is synthesized, the neu-

[17], [18]. Today, multilevel inverters are extensively useHaI pointn is considered as the output phase voltage reference
in high-power applications with medium voltage levels Thgoint.There are five switch combinations to synthesize five level

field applications include use in laminators, mills, conveyor¥0ltages acrosa andn.

®)

pumps, fans, blowers, compressors, and so on. 1) For voltage leveV,, = Vi./2, turn on all upper switches
This paper presents state-of-the-art multilevel technology,  ©1—5.
considering well-established and emerging topologies as well2) For voltage levelV,, = Vqc/4, turn on three upper

as their modulation and control techniques. Special attention ~ SwitchesS>—S, and one lower switcls;”.
is dedicated to the latest and more relevant industrial applica-3) For voltage levels,, = 0, turn on two upper switches;
tions of these converters. Finally, the possibilities for future  ands, and two lower switches,’ andS,’.
development are addressed. 4) For voltage levelV,, = —Vy./4, turn on one upper
switch S, and three lower switche$;'—Ss”.
5) For voltage levelV,,, = —V4./2, turn on all lower
switchesS;’-S,’.
Four complementary switch pairs exist in each phase. The com-
A three-level diode-clamped inverter is shown in Fig. 2(a). Iplementary switch pair is defined such that turning on one of
this circuit, the dc-bus voltage is split into three levels by twthe switches will exclude the other from being turned on. In this
series-connected bulk capacitafg, andC,. The middle point example, the four complementary pairs a$g,(S1’), (Sz, S2'),
of the two capacitora can be defined as the neutral point. Th€S3, S3'), and Sy, S4').
output voltagey,,, has three state%,./2, 0, and— V. /2. For Although each active switching device is only required to
voltage levelV,./2, switchesS; andS» need to be turned on; block a voltage level ofV,./(m — 1), the clamping diodes
for —V4./2, switchesS;” and.S,’ need to be turned on; and formust have different voltage ratings for reverse voltage blocking.
the 0 level,S, and.S;’ need to be turned on. UsingD;’ of Fig. 2(b) as an example, when lower deviSes ~
The key components that distinguish this circuit from &,  are turned onD;’ needs to block three capacitor voltages,
conventional two-level inverter ar®; and D,’. These two or 3Vy./4. Similarly, D> and D,’ need to blockeV,./4, and
diodes clamp the switch voltage to half the level of the dc-bu3,; needs to blockV,. /4. Assuming that each blocking diode
voltage. When botls; and S, turn on, the voltage across voltage rating is the same as the active device voltage rating, the
and 0 isVye, i.e.,vs0 = Vic. In this case,D;’ balances out number of diodes required for each phase wil{te-1) x (m—

Il. INVERTER TOPOLOGIES

A. Diode-Clamped Inverter
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c) Si, Sz, Si/, S3' (Vo = Vao/2 of upperCy's
—3Viae/4 of C3's +Vy. /2 of Cy's —V./4 of Cy);

d) 51, S4, S2', 83" (Van = Vac/2 of upper Cy's
_3Vdc/4 of C3's +Vdg/4 of Cl);

[ Ve e) S9, S4, 52/, 54/ (V;zn = 3Vdc/4 of Cs's _Vdc/2 of
}r—'ij Cy's +Vy. /4 of Cy — V. /2 of lower Cy4's); and
f) SQ, Sg, Sll, 54/ (Van = 3Vdc/4 of Cg,s _Vdc/4 of
Cy — Vae/2 of lower Cy's).
4) For voltage leveV,,, = —V4./4, there are three combi-
nations:

a) S, S1', S, S3' (Van = Vae/2 of upperCy's
—3Vy./4 of Cs's);

b) 54, 52/, 53/, 54/ (Van = Vdc/4 of Cl — Vdc/2 of
lower C4's); and

Fig. 3. Capacit'or—clamped multilevel inverter circuit topologies. (a) C) Sa, 51" 53’, 54’ Van = Vdc/g of Cy's _VdC/4 of
Three-level. (b) Five-level. oy — Vdc/2 of lower 04.5)'
2). This number represents a quadratic increase.itVhenm 5) For voltage level,, = —Vac/2, tum on all lower

H / /
is sufficiently high, the number of diodes required will make swnches,S% =54 o _ _ N
the system impractical to implement. If the inverter runs underIn the preceding description, the capacitors with positive
PWM, the diode reverse recovery of these clamping diodes i§gns are in discharging mode, while those with negative

comes the major design challenge in high-voltage high-powgign are in charging mode. By proper selection of capacitor
applications. combinations, it is possible to balance the capacitor charge.
Similar to diode clamping, the capacitor clamping requires a
large number of bulk capacitors to clamp the voltage. Provided
Fig. 3 illustrates the fundamental building block of ahat the voltage rating of each capacitor used is the same as that
phase-leg capacitor-clamped inverter. The circuit has besfthe main power switch, am-level converter will require a
called the flying capacitor inverter [1], [5], [6] with independentotal of (m — 1) x (m — 2)/2 clamping capacitors per phase
capacitors clamping the device voltage to one capacitor voltagg in addition to(r» — 1) main dc-bus capacitors.
level. The inverter in Fig. 3(a) provides a three-level output
acrossa andn, i.e., va, = Vac/2, 0, or —Vy./2. For voltage C. Cascaded Multicell Inverters
level Vq./2, switchesS; and S, need to be turned on; for A different converter topology is introduced here, which is
—Vac/2, switchesS;’ and S2’ need to be turned on; and forbased on the series connection of single-phase inverters with
the O level, either pairgy, S1’) or (S, S>") needs to be turned separate dc sources [7]. Fig. 4 shows the power circuit for one
on. Clamping capacito€; is charged whers; and S;’ are phase leg of a nine-level inverter with four cells in each phase.
turned on, and is discharged whén and S, are turned on. The resulting phase voltage is synthesized by the addition of
The charge of”; can be balanced by proper selection of ththe voltages generated by the different cells. Each single-phase
0-level switch combination. full-bridge inverter generates three voltages at the outplt;,
The voltage synthesis in a five-level capacitor-clampe@l and—Vq.. This is made possible by connecting the capac-
converter has more flexibility than a diode-clamped convertdiors sequentially to the ac side via the four power switches.

Using Fig. 3(b) as the example, the voltage of the five-levdine resulting output ac voltage swings frordVa. to +4Va.
phase-leg output with respect to the neutral pomtV,,,, can With nine levels, and the staircase waveformis nearly sinusoidal,

B. Capacitor-Clamped Inverter

be synthesized by the following switch combinations. even without filtering. o _
1) Forvoltage leveV,,,, = Vi /2, turn on all upper switches . Another version of casca_ded multilevel inverters using stan-
S1-Si. 81, s crcut. shown in Fig. 5. Uses an ouput vansformer to.
2) :i:(;)rrlsv.oltage levela, = Vac/4, there are three COmbma'add the different voltages. In order for the inverter output volt-
' ages to be added up, the inverter outputs of the three modules
a) Si, S2, S3, Si' (Van = Vac/2 Of upperCi’s need to be synchronized with a separation of °1B@tween
—Vac/4 of C); each phase. For example, obtaining a three-level voltage be-
b) Sy, S3, S4, Sy’ (Van = 3Vae/4 of C3's =V /2 0f  tween outputsa and b, the voltage is synthesized Hy,, =
lower C4’s); and Vai—v1+ Vi1_a2 + Vaa_so. The phase betweén andas, is pro-
C) Si, S3, Sa, S5’ (Van = Vac/2 of upper Cy's  vided byas andbs through an isolated transformer. With three
—3Vie/4 of C5's +Vy. /2 of Cy's). inverters synchronized, the voltagés _s1, Vi1 —a2, Va2_s2 are

3) For voltage level,,, = 0, there are six combinations: all in phase; thus, the output level is simply tripled.

a) Si, S2, S’y 52" (Van = Vac/2 of upperCy's
: Vs of 02,2).( ac/2 OT UPPErCL'S 5 G eneralized Multlevel Cells

b) S3, S4, S3’, 54’ Van = Vae/2 of Cy — Vi /2 of A generalized multilevel inverter topology has previously
lower Cy); been presented [19]. The existing multilevel inverters such as
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E. Emerging Multilevel Inverter Topologies

1) Mixed-Level Hybrid Multilevel Cells:For high-voltage
high-power applications, it is possible to adopt multilevel

diode-clamped and capacitor-clamped multilevel inverters camde-clamped or capacitor-clamped inverters to replace the
be derived from this generalized inverter topology. Moreovefull-bridge cell in a cascaded inverter [20]. The reason for
the generalized multilevel inverter topology can balance eagbing so is to reduce the amount of separate dc sources. The
voltage level by itself regardless of load characteristics. Thengine-level cascaded inverter shown in Fig. 4 requires four sepa-
fore, the generalized multilevel inverter topology provides igte dc sources for one phase leg and twelve for a three-phase
true multilevel structure that can balance each dc voltage lewlerter. If a three-level inverter replaces the full-bridge cell,
automatically at any number of levels, regardless of active @e voltage level is effectively doubled for each cell. Thus, to
reactive power conversion, and without any assistance frehieve the same nine voltage levels for each phase, only two
other circuits. Thus, in principle, it provides a complete multiseparate dc sources are needed for one phase leg and six for a
level topology that embraces the existing multilevel invertersthree-phase inverter. The configuration can be considered as

Fig. 6 shows the P2 multilevel inverter structure per phase ldtaving mixed-level hybrid multilevel cells because it embeds
Each switching device, diode, or capacitor’'s voltagéig.1li.e., multilevel cells as the building block of the cascaded inverter.
1/(m —1) of the dc-link voltage. Any inverter with any numberFig. 8 shows the nine-level cascaded inverter incorporating a
of levels, including the conventional two-level inverter can bthree-level capacitor-clamped inverter as the cell. It is obvious
obtained using this generalized topology. that a diode-clamped inverter can replace the capacitor-clamped

As an application example, a four-level bidirectional dc/dimverter to be a mixed-level hybrid multilevel cell.
converter, shown in Fig. 7, is suitable for the dual-voltage 2) Asymmetric Hybrid Multilevel Cellsin previous de-
system to be adopted in future automobiles. The four-levatriptions, the voltage levels of the cascade inverter cells equal
dc/dc converter has a unique feature, which is that no magnetach other. However, it is possible to have different voltage
components are needed. From this generalized multileVeVels among the cells [21], [22], and the circuit can be called as
inverter topology, several new multilevel inverter structures casymmetric hybrid multilevel inverter. Fig. 9 shows an example
be derived [19]. of having two separate dc-bus levels, one with,, and the

Fig. 5. Cascaded inverter with three-phase cells.
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diode-clamped inverter as the cascaded inverter cell to increase the volta )
levels.

T A
V.
.l o v U Fig. 11. Zero-voltage-switching capacitor-clamped inverter circuit.
_de

Ver at all different from that of conventional two-level inverters. For
— capacitor- or diode-clamped inverters, however, the choices of
Ve, . soft-switching circuit can be found with different circuit combi-

_ nations [23]-[29]. Although zero-current switching is possible
[30], most literatures proposed zero-voltage-switching types in-
cluding auxiliary resonant commutated pole (ARCP), coupled

Fig. 9. Asymmetric hybrid cascaded inverter cell arrangement with differefiductor with zero-voltage transition (ZVT), and their combi-

voltage levels. nations. Fig. 11 shows an example of combining the ARCP

and coupled-inductor ZVT techniques for a capacitor-clamped
other withV,. /2. Depending on the availability of dc sourcesthree-level inverter.

the voltage levels are not limited to a specific ratio. This feature The auxiliary switchesS,, S,3, D,2, and D,z are used

allows more levels to be created in the output voltage, afgl assist the inner main switcheé® and S; to achieve soft

thus reduces the harmonic contents with less cascaded cellgching. With L,.; as the coupled inductor, the bridge-type
required. circuit formed by S,o, Sy3, S», and Ss forms a two-level
Even with the same voltage level among them, it is also pasoupled-inductor ZVT. The basic principle of a two-level ZVT
sible to use high-frequency PWM for one cell, while the othefan be found in [31]-[35]. For the outer main switches, the soft
switches at a lower rate. Fig. 10 shows an example with two diwitching relies onS; and S, S.1, Sz4, Da1, Doy, coupled
ferent devices. The top full-bridge cell uses the insulated gaigluctor L,14, and split-capacitor pai€’, to form an ARCP
bipolar transistor (IGBT), and the low cell uses the gate-turn-afjpe soft-switching inverter. Detailed soft-switching circuit
thyristor (GTO) as its switching device. The GTO-based cedperation for inner devices and outer devices can be found in

switches at a lower frequency, typically the fundamental fr¢z4], [26].

guency, and the IGBT-based cell switches at a PWM frequency

to smooth the waveform [21], [22]. IIl. CONTROL AND MODULATION STRATEGIES

3) Soft-Switched Multilevel InvertersThere are numerous o ) )

ways of implementing soft-switching methods to reduce tHe: Classification of Modulation Strategies

switching loss and to increase efficiency for different multilevel The modulation methods used in multilevel inverters can be

inverters. For the cascaded inverter, because each inverter callassified according to switching frequency, as shown in Fig. 12

a two-level circuit, the implementation of soft switching is nof36], [37]. Methods that work with high switching frequencies
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have many commutations for the power semiconductors i

L L L L L L L
0.005 0.0 0.015 0.02 0.025 0.03 0.035 0.04

one period of the fundamental output voltage. A very populal Time (s)

method in industrial applications is the classic carrier-based si-
nusoidal PWM (SPWM) that uses the phase-shifting technigHg. 13. Inverter cell voltages. (a) Output voltage and reference with SPWM.
to reduce the harmonics in the load voltage [7], [38], [39]b) Output voltage and reference with injection of sinusoidal third harmonic.

Another interesting alternative is the SVM strategy, which has

been used in three-level inverters [36]. ol LﬂHﬂM
Methods that work with low switching frequencies generally V., 0 Oc =0 .
perform one or two commutations of the power semiconduc s} THD=75.94%

tors during one cycle of the output voltages, generating a stail 002 9025 003 0035 004 0045 005 005 005 0D.0B5 007

case waveform. Representatives of this family are the multileve [5100 iAan . nnnn . anngd
selective harmonic elimination [40], [41] and the space-vecto v, 0 Bc = 60°
control (SVC) [42]. | THD=44.54%

002 0025 003 0035 004 0045 005 0055 0068 0085 0.07

B. Multilevel SPWM

S0t ¥ ' ' j Y ' ' " Y
. . . v —~90°
Several multicarrier techniques have been developed to rey_ o M 250— 22750/
duce the distortion in multilevel inverters, based on the classice | |

SPWM with triangular carriers. Some methods use carrier dis 0.02 g_ulzs g_lna 0635 n,ln4 00‘45 g_‘ns 0‘5;55 Ulos 0,9‘55 0.07
position and others use phase shifting of multiple carrier signal 55 T
[38], [43], [44]. Fig. 13(a) shows the typical voltage generated,,"
by one cell for the inverter shown in Fig. 4 by comparing a si- *
nusoidal reference with a triangular carrier signal. s T
A number of N.—cascaded cells in one phase with their car- " Time [Sec) o '
riers shifted by an anglé. = 360°/N. and using the same
control voltage produce a load voltage with the smallest digig. 14. Total voltage of three cells in series connection for different phase
. 9¢ p . . 9 e . isplacement in the carriers.
tortion. The effect of this carrier phase-shifting technique can
be clearly observed in Fig. 14. This result has been obtained . . .
X . . X ) . grams are universal regardless of the type of multilevel inverter.
for the multi-cell inverter in a seven-level configuration, whic ; : : i .
) . n,other words, Fig. 15(c) is valid for five-level diode-clamped,
uses three series-connected cells in each phase. The smalles

- . . : cdlgécitor-clamped or cascaded inverter. The adjacent three vec-
tortion is obtained when the carriers are shifted by an angle ot '
6. = 360°/3 = 120°.

tors can synthesize a desired voltage vector by computing the
A very common practice in industrial applications for the

duty cycle (};, 1;4+1, and1j,») for each vector

multilevel inverter is the injection of a third harmonic in each v (T;V; + ;1 Vi1 + Tj42Vig2) 3)
cell, as shown in Fig. 13(b), to increase the output voltage [7], o T )
[20]. Another advantageous feature of multilevel SPWM is th@pace-vector PWM methods generally have the following fea-
the effective switching frequency of the load voltagdVistimes  yres: good utilization of dc-link voltage, low current ripple, and
the switching frequency of each cell, as determined by its cagiatively easy hardware implementation by a digital signal pro-
rier signal. This property allows a reduction in the switchingessor (DSP). These features make it suitable for high-voltage
frequency of each cell, thus reducing the switching losses. high-power applications.
As the number of levels increases, redundant switching states
C. SVM and the complexity of selecting switching states increase dra-

The SVM technique can be easily extended to all multilevehatically. Some authors have used decomposition of the five-
inverters [45]-[51]. Fig. 15 shows space vectors for the tradevel space-vector diagram into two three-level space-vector di-
tional two-, three-, and five-level inverters. These vector di@grams with a phase shift to minimize ripples and simplify con-

8¢ =120°
THD=24.55%
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Fig. 16. Generalized stepped-voltage waveform.

contents can be removed from the voltage waveform. In gen-
eral, the most significant low-frequency harmonics are chosen
for elimination by properly selecting angles among different-
level inverters, and high-frequency harmonic components can
be readily removed by using additional filter circuits. According
to (4), to keep the number of eliminated harmonics at a con-
stant level, all switching angles must be less thdg. How-
ever, if the switching angles do not satisfy the condition, this
scheme no longer exists. As a result, this modulation strategy
basically provides a narrow range of modulation index, which
is its main disadvantage. For example, in a seven-level equally
stepped waveform, its modulation index is only available from
0.51t0 1.05. At modulation indexes lower than 0.5, if this scheme
is still applied, the allowable harmonic components to be elim-
inated will reduce from 2 to 1. The total harmonic distortion
(THD) increases correspondingly.

In order to achieve a wide range of modulation indexes with
minimized THD for the synthesized waveforms, a generalized
selected harmonic modulation scheme was proposed [40], [41].
The method can be illustrated by Fig. 17, in which the positive
Fig. 15. Space-vector diagram: (a) two-level, (b) three-level, and (c) five-levatilf-cycle of seven-level stepped waveforms are shown with dif-
inverter. ferent modulation index levels. In this case, the range of mod-

ulation indices can be divided into three levels, such as high,
trol [48]. Additionally, a simple space-vector selection methogniddle, and low. An output waveform with a high modulation
was introduced without duty cycle computation of the adjaceifidex level is shown in Fig. 17(a). Whenevey is greater than
three vectors [37]. /2, this waveform no longer exists. Therefore, an output wave-
form shown in Fig. 17(b), which gives middle modulation index
level, will be applied instead. When the switching angledo
as in Fig. 17(b) are not converged at a low modulation index

Fig. 16 shows a generalized quarter-wave symmetric stepp&slel, the output waveform shown in Fig. 17(c) will replace it.
voltage waveform synthesized by(am + 1)-level inverter, In general, a stepped waveform, which comprigeswitching
wherem: is the number of switching angles. By applying Fourieaingles, can be divided inta modulation index levels. By using
series analysis, the amplitude of any add harmonic of the this technique, low switching frequencies with minimized har-
stepped waveform can be expressed as (4), whereas the ammpdinics in the output waveforms can be achieved with wide mod-

D. Selective Harmonic Elimination

tudes of all even harmonics are zero ulation indexes.
Through mathematical manipulation and observation of
4 - Fig. 17(a)—(c), a generalized harmonic expression for multi-
i = nw ; [Vic cos(nen)] “) level stepped voltage has been derived [41] and is expressed as
- the following equation:
whereVj, is the k™ level of dc voltagepn is an odd harmonic 4

order,m is the number of switching angles, ang is the kth hn = i
switching angle. According to Fig. 16y t0 cv, must satisfy  x [V; cos(nay ) & Vs cos(naz) & - - - £ Vi, cos(nan)] . (5)
ap < g < vor <y, < /20
To minimize harmonic distortion and to achieve adjustabla this expression, the positive sign implies the rising edge, and
amplitude of the fundamental component, upte 1 harmonic the negative sign implies the falling edge.



RODRIGUEZet al: MULTILEVEL INVERTERS 731

Yf r = - T- FTHFre# v P o wre eI TATrITr11
Vs-— ............ L |- | > ;:';; I'..:+rl.E.;I..|i ...E II:I 1
s o5 e e o ol b el ol bl -
va ] niiniotigiala e it v o il
Vi | | e T Y i e
T >t IR ECECE R S R S R e S b S e B
R R ST S SRy SR IR N EE R S AT Y B SR AP ER S
RE A R S S A E ST S EE S EaE ST AT LA EE T
@ R A e R AR ES ER ST S TR A PR
V, L N - LR A T L M i:-l_-'.i;-p.; PR T R LA
A . -\i-:lIl-ll--l-lllilll:':dil-;:#:d:l-ll'illl-:-l;l-qu---l- 1-1--1;-:-!:!-.."
V3 -.-.I-.-!—-I-Q.--i--':4--&--7-‘1—--!‘—-!-:-'--'-5- -I--I----l---II-—I--
v I I -_-:-I-l:l--ll-;-l'--l-;I- B |--|:l-:- LD B ow ol e Wil
’ e dE At e TR ST ST TR AT E SEE RS TR S TR RN S
Vi I | I e I B FE Y SR TR AR TS ER ST BT ER ¥ S TS SE S
ap o oz X T et el b5 Sk S EE FH SR EE 3 Ean BRI St B E L S BRI
2 EEEH AR AR At e P8 AR RS IR FESRUEE AL 3T FE FY S SR
®) SRR ST PR RE AT SR PR PR R T B B LR St B
e e R R B R R R R e R A B R R S
Vo A N RN RN PRI R PR R
y RESHSE RS R SRRRNS LECSRARIN ) hEY ]
Vs :
v, r | I I | 1 Fig. 18. Load voltage space vectors generated by an 11-level inverter.
;:t
o O O3 % T E 50
......
© = 0 T
-50
Fig.17. A positive half-cycle of a seven-level stepped waveform with different 0 0.005 0.01 0.015 0.02
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(a)
400
E. SVC
; ; 200 Ay e
A conceptually different control method for multilevel N S \ ’ a\ S
inverters, based on the space-vector theory, has been intro- 2 . rf ) jﬁ \ Her” "
. . )
duced [37]. This control strategy, called SVC, works with low N MH‘H / \La
switching frequencies and does not generate the mean value of 2001 1 HJ-I{ \LWJ#JJ
the desired load voltage in every switching interval, as is the -
principle of SVM. 400
Fig. 18 shows the 311 different space vectors generated by an 0 0.01 0.02 0.03 0.04 0.05
11-level inverter. The reference load voltage veetgr is also Time (s)
included in this figure. The main idea in SVC is to deliver to (b)

the load a voltage vector that minimizes the space error or dis-

tance to the reference vectors. The high density of vectors Fig- 19. Voltages_ generated by an 11-level inverter with SVC. (a) One-cell

produced by the 11-level inverter (see Fig. 18.) will generaYgltage' (b) Resulting load voltage.

only small errors in relation to the reference vector; it is, there- _.

fore, unnecessary to use a more complex modulation sche%héa're(:t Torque Control (DTC)

involving the three vectors adjacent to the reference. The DTC technique has been developed for low-voltage two-
The shaded hexagon of Fig. 18 shows the boundary of hightestel inverters as an alternative to the field oriented method to

proximity, which means that when the reference voltageis  €effectively control torque and flux in ac drives [52]. DTC and

located in this area, vectet. must be selected, because it haBysteresis current control techniques have also been applied in

the greatest proximity to the reference. multilevel inverters [53]. It must be noticed that one major man-
Fig. 19(a) presents the voltage generated by one cell in @iacturer has been selling medium-voltage three-level diode-

eleven-level multicell inverter with five cells per phase and aglamped inverters controlled with DTC [54].

output frequency of 50 Hz. The load voltage of the inverter . . ,

for the same frequency and modulation index 0.99 is shownfh Capacitor Balancing Techniques

Fig. 19(b). In [55], the voltage unbalancing problem and the mechanism
Finally, Fig. 20 shows the reference vector and the vectass the diode-clamped multilevel inverter were discussed. The

generated by the inverter using SVC [37]. This method is simpbaper demonstrated that the diode-clamped multilevel inverter

and attractive for high number of levels. As the number of levet®uld not have balanced voltages for real power conversion

decreases, the error in terms of the generated vectors withwéthout sacrificing output voltage performance. Thus, the

spect to the reference will be higher; this will increase the logghper proposed that the diode-clamped multilevel inverter be

current ripple. applied to reactive and harmonic compensation without voltage
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Fig. 20. Reference and output voltage vectors in an 11-level inverter withg. 21. Control diagram of the 11-level cascaded inverter.
SVC.

balancing problem. Reference [56] suggested that the voltac
unbalance problem could be solved by using a back-to-bac
rectifier/inverter system and proper voltage balancing control
Other papers [57]-[59] suggested the use of additional voltac
balancing circuits, such dc chopper, etc.

The capacitor-clamped structure was originally proposed fo v,
high-voltage dc/dc conversions [60]. It is easy to balance th
voltages for such applications because the load current is d Ip
For the capacitor-clamped multilevel inverter, voltage balancing
is relatively complicated [60], [61]. It has been shown theoret:
ically that the capacitor-clamped inverter cannot have self-ba
anced voltage when applied to power conversion in which n
real power is involved, such as reactive power compensatiol
However, since each phase leg has its own floating capacito. .
that handle the phase current, the voltage balancing and rip,%eT 22. Vienna rectifier phase-leg structure.
become troublesome.

The cascaded multilevel inverter was first introduced for
motor drive applications, in which an isolated and separate |V. INDUSTRIAL APPLICATIONS AND TECHNOLOGICAL
dc source is needed for each H-bridge unit [7]. However, ASPECTS
another paper presented the idea of using cascade multileyelpyitievel Rectifier
inverter for reactive and harmonic compensation, from which
isolated dc sources can be omitted [56]. Additional wor$
further demonstrated that the cascaded inverter is suitable %4

universal power conditioning of power systems, especialty’.>™ ~ L . L
for medium-voltage systems [62], [63]. The inverter provide ifting in order to eliminate harmonics. To eliminate the phase-
f ift transformers, multilevel rectifiers have been proposed.

lower costs, higher performance, less electromagnetic interfgp—F th licati that . i bilit
ence (EMI), and higher efficiency than the traditional PWM, or those applications that requireé no regenerative capabiiity,

inverter f i ditioni lications, both sefi §|mplified (or redu_c_ed) ml_J!tiIeveI rectifiers h_ave been p_roposed
INVEITET 101 POWer ine conditioning appiications, both serie £64]. This specific rectifier, named the Vienna rectifier, has

and parallel compensation. Although the cascaded inverter Ha dfor tel i lies. Fig. 22 sh
an inherent self-balancing characteristic, because of the cir h usedforieiecommunication pOWer SUPpPIies. Fg. 2= SNOWS
e per-phase leg structure for a three-level Vienna rectifier.

component losses and limited controller resolution, a slig . o
voltage imbalance can occur. A simple control scheme, whi me reduced-parts-count multilevel rectifiers for the number
) ' uleles than three levels have been proposed [65].

ensures dc voltage balance, has been proposed for reactive
harmonic compensation [56]. Fig. 21 shows its control block

diagram that contains a proportional-integral (PI) regulator By DC/DC Converters

adjust the trigger angle and to ensure zero steady-state errofhe phase voltage of a multilevel diode-clamped or capac-
between the reference dc voltage and the dc-bus voltage. itor-clamped inverter resembles that of a full-bridge phase-shift-

\|
/1

VL

/1

Traditionally, multipulse rectifiers have been used for the re-
I;;tion of harmonics in the line current. These multipulse (12-
Ise, 18-pulse, and so on) rectifiers use transformers for phase
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modulated dc/dc converter [66]. Fig. 23(a) shows a three-leve
dc/dc converter based on a capacitor-clamped inverter circu
along with diode clamping to ensure neutral-point voltage bal:
ance [67], [68]. The same as the capacitor-clamped inverter, th
converter only allows certain switch pairs to be turned on simul:
taneously. The switch pairy, S»} yields +Vy./2, {S3,54 _ , _ _ 3
yields —Vy./2, and {S1, S5} and {S,, S4} yield zero outpui. Fig. 25. Three-level capacitor-clamped inverter with 18-pulse input rectifier.
By applying gate pulses sequentially, as shown in Fig. 23(b), a

£ff

3 3

three-level output voltage across the transformer primary can 'i "
obtained. With phase-shift operation, this circuit operates inhe | ' — a E'; oo
ently under the soft-switching condition. phesifial | T 1 =
Mg ; Bridge K+ JK:I
. . IIl. ;- | . - _J_._
C. Large Motor Drives With Nonregenerative Front Ends £ o
Diode-clamped three-level inverters are now widely applie Facilia] | % fim He
in medium-voltage (2.3, 3.3, 4.16, and even 6 kV) application n il £l Jlfi
using an IGBT with forced-air cooling. These application ¥ LT
cover a wide range of high-power loads including fans, pumg Loy ':]Il 1‘:}
blowers, compressors, and conveyors. Rocilief | —| |
An important issue in the application of these inverters Az | k) k3
the injection of current harmonics into the power supply du ; [ 1 =)

to both the high power of the drive and the capacitive filters i Fluaz &

the dc link, which increase the distortion of the input current. A ) ) ) .

12-pulse configuration of the input rectifier, as shown in Fig. 2E,lg. 26. Seven-level cascaded inverter with nonregenerative rectifier.

is a standard solution for reducing the input current harmonics.

Some manufacturers include an 18-pulse and 24-pulse rectif¥ase diode rectifier, which does not allow the regeneration of

to improve the quality of the input current. power. Table | presents the number of cells used in each phase
Fig. 25 presents a three-level inverter with capacitor-clampéat different motor voltages, as reported by one manufacturer

topology and 18-pulse configuration of the input rectifier [69]7].

The secondary voltages are shifted by #0m each other. With  The high quality of the input current assures compliance with

this type of input rectifier, the harmonics in the input currents atEEE Standard 519-1992. In the case of 4.16-kV inverters with

drastically reduced, achieving a THD of less than 1.55% [69]five cells per phase, the quality of the output voltage is very high
Fig. 26 shows a seven-level cascade multicell inverter usedaith a voltage distortion THD 0£10%. In this 11-level inverter,

nonregenerative drives for 2.3-kV networks. This inverter usése input current of the inverter has a 30-pulse waveform and a

three cells in each phase. The input part of each cell has a thféelD of < 1% [7].
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TABLE | The regenerative block shown in Fig. 29 has limited ca-
CASCADED INVERTERSUSED IN MEDIUM-VOLTAGE DRIVES [7] pability because the active filter is normally designed with
a smaller power rating. In certain applications in which the

Levels Cellsper | Output | Pulsesin | Displacementin  raganerative block also needs rated capability, the circuit shown
phase voltage (kV) | input current | secondaries [°] . . .
in Fig. 29 would not be applicable. A more general-purpose
7 3 2.3 18 20 regenerative four-quadrant-type configuration is shown in

Fig. 30 [16]. In this circuit, each power module contains an
AFE converter and a full-bridge inverter. The AFE converter
11 5 4.16 30 12 corrects the power factor and eliminates the harmonics, thus,
the transformer can be designed in a conventional way, similar
to the one shown in Fig. 29. It allows all the regenerative power
D. Large Motor Drives With Regenerative Front Ends to be pumped back to the source because the AFE converter

The use of a three-level active front end (AFE) at the inptieeds to be designed with full power rating. The only drawback
side of a three-level diode-clamped inverter has becomettathis AFE-based cascaded inverter is that it requires high
very popular solution for high-power regenerative loads. Thigimber of devices. The use of single-phase AFEs at the line
solution, presented in Fig. 27, allows the regeneration of fifiide of each cell has been considered as an alternative to spare
motor power with reduced harmonics and high power factdtower semiconductors [72]. However, this circuit imposes re-
Drives with three-level AFE are used in laminators [70ptrictions to the number of cells that can be connected in series
high-power downhill conveyors [71], and other regenerati@ €liminate low-frequency harmonics in the input current.
high-power loads.

Avery interesting application of this technology in which twde. Applications in Power Systems
three-level AFEs are used in a so-called tandem configurationyhen the number of levels is greater than three, both the
is shqwn in Fig. 28 [71]. Thls drlye uses G.TO'tEChn0|09y anfaiode-damped and cascaded multilevel inverters have equiv-
for this reason, an operation with low switching frequency igiently separate dc sources for each level in order to enable
highly d_eswable. The selec_tlve harmonlc-ellmlnatlon method Bower conversion involving real power such as in motor drives
used with three commutation angles, ( a2, andag) in each [11] [57]. However, as mentioned previously, both inverters
AFE in order to eliminate harmonics 11 and 13. The equatiofg,e 5 perfect niche in harmonic and reactive power compen-

9 4 33 24 15

to achieve this purpose are sation [55], [62], [63]. The capacitor-clamped inverter cannot
4-Vy 4-Vy have balanced voltage for power conversion involving only re-
i= [cos(a) — cos (ar2) 4 cos (as)] = "M active power [61], thus, it is not suited for reactive power com-

(6) pensation.
4 Vi The first unified power-flow controller (UPFC) in the world
11 [cos(11la) — cos (1lan) + cos (11as)] =0 was based on a diode-clamped three-level inverter [73]. The
(7) UPFCis comprised of the back-to-back connection of two iden-
tical GTO thyristor-based three-level converters, each rated at
160 MVA,; it was commissioned in mid-1998 at the Inez Sta-
(8) tion of American Electric Power (AEP) in Kentucky for voltage
] o ] ) support and power-flow control. Fig. 31 shows the system con-
whereM is the modulation index and,. is the voltage in each figuration.
dc-link capacitor. o _ On the other hand, the cascaded multilevel inverter is best
The wye-wye and wye—delta connection in the input tranggiteq for harmonic/reactive compensation and other utility
formers prqduqesaS@hspIacgmentmthe input voltages of theapplications [13], [62], [63], since each H-bridge inverter unit
AFEs, eliminating all harmonics of ordér- n + 1(n = 0dd):  can palance its dc voltage without requiring additional isolated
5,7,17, 19, 29, and 31. In this way, the first harmonics are ghyer sources. GEC Alsthom T&D has commercialized the

the order 23 and 25. An important reduction of the input currephscaded multilevel inverter for reactive power compensa-
harmonics, working with a very low switching frequency, is Obﬁon/generation (STATCOM) [74].
tained with this method.

Although this multipulse transformer allows the
phase-shifted currents to be summed together for a near
sinusoidal input current, the major difficulty is the design of By looking at the number of papers published in recent
the transformer. With irrational turns ratios, it is possible tgears, it is easy to conclude that multilevel inverter research and
produce undesirable interharmonic contents. Fig. 29 showsl@elopment activities are experiencing an explosive rate of
solution using an active filter circuit as the regenerative frogrowth. A trend of having more and more multilevel inverters
end [14]. In this circuit, the transformer does not need to haigobvious. Although this paper has focused on multilevel in-
irrational turns ratios because the secondary winding curresgrter circuit topology, control, and applications, there is other
is compensated by an active filter. The active filter also allowssearch and development in related areas, such as high-voltage
power flow to be reversed, which solves the problem found high-power semiconductor devices, sensors, high-speed DSPs,
Fig. 26. thermal management, and packaging. It is difficult to include

Vit =

4 - Vye
Vis = 1(13' [cos(13cr1) — cos (13a2) + cos (13a3)] = 0
7'(' .

V. FUTURE TRENDS
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all the related technologies in one paper; however, thos = 4:
technologies related to multilevel inverter development shoulc
not be neglected from the ongoing development. Based o A

the progress of semiconductor devices and advanced circuit

topologies, future trends can be observed in the following areas. 31.

System configuration of the UPFC installed at Inez.
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A. Applications for Distribution Voltage Level configured with a separate source connected through the power

There is a strong demand to push voltage-source invertSREIVErsion circuits used as an energy module or building block
(VSIs) into distribution voltage level, which is between 1118 Provide individual output. A cascaded inverter can then be
KV, or typically 13.8 kV. Currently, the power electronics for dis€Onfigured with multiple modules. Such a system does not need
tribution and transmission voltage levels are mainly dominatégiransformer to provide isolation, and the system can be con-

by current source converters, which use thyristor devices wiiucted in a cost effective manner.
built-in reverse voltage blocking capability. The main problems
with thyristors are their sluggish switching speeds and their in- VI. CONCLUSION

ability to gate off. With the use of gate-turn-off high-voltage This paper has provided a brief summary of multilevel

semiconductor devices in multilevel inverters, the widespregg o tor circuit topologies and their control strategies. Dif-
use of VSIs in distribution voltage level can be easily expecteflyon anplications using different inverter circuits were also

discussed. As mentioned in Section |, an early patent for the
cascaded multilevel inverter can be traced back to 1975. How-
ever, the commercial products that utilize this superior circuit
The availability of higher-voltage devices allows highefopology were not available until the mid-1990s. Today, more
operating voltages with fewer inverter levels. The majaind more commercial products are based on the multilevel
contenders in the device arena are integrated-gate-commutgt@@rter structure, and more and more worldwide research
thyristor (IGCT) [75], [76], 3.3- and 6.5-kV high-voltage IGBT and development of multilevel inverter-related technologies is
(HV-IGBT) [77], and emitter turn-off (ETO) thyristor [78]. As occurring. This paper cannot cover or reference all the related
power level increased with new devices, the multilevel invertwork, but the fundamental principle of different multilevel
power-handling capability is also proportionally increaseghverters has been introduced systematically. The intention of
With the use of these high voltage devices, an inverter can easfié authors was simply to provide groundwork to readers in-

achieve 5 MW with only three levels required. The applicatiogrested in looking back on the evolution of multilevel inverter
to the distribution voltage level can be achieved with less th@schnologies, and to consider where to go from here.

five levels when the above-mentioned high-voltage devices are
used.

B. Advanced High-Voltage High-Power Semiconductor
Devices
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